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 This thesis presents the theoretical and experimental investigation of the co-
generation system that produces simultaneously four types of useful energy namely: 
(i) electricity, (ii) steam, (iii) cooling and (iv) dehumidification. The co-generation 
plant comprises a Capstone C30 micro-turbine, which generates 24 kW of electricity, 
a compact and efficient waste heat recovery system, and a host of waste heat activated 
devices namely (i) a steam generator, (ii) an absorption chiller, (iii) an adsorption 
chiller and (iv) a multi-bed desiccant dehumidifier.  The theoretical study modelled 
the mass and energy conservation of  the above  mentioned waste heat activated 
devices using the governing equations developed based on thermodynamic property 
fields of adsorbent-adsorbate systems such as the internal energy, the enthalpy, the 
specific heat capacity and the entropy as a function of pressure (P), temperature (T) 
and amount of adsorbate (q). Based on a lumped-parameter approach, the model is 
solved using the FORTRAN-based International Mathematics and Statistics Library 
(IMSL) Libraries. The co-generation system studied here is a temperature cascaded 
configuration of the exhaust gas emanating from the Capstone C 30 micro-turbine in 
order to maximize the energy recovery from the exhaust gas. The performance 
investigation of each of the devices in TCCP plant was performed at different heat 
source temperatures. It was observed that the optimal activation temperature of 
exhaust gas for the steam generator was  about 285°C while the optimal firing 
temperatures for   the absorption chiller, the adsorption chiller and the multi-bed 
desiccant dehumidification system were achieved 90°C, 82°C and 77 °C, respectively. 
The entropy generation analysis determines the amount of dissipation in a specific 




irreversible with entropy generation from friction, heat transfer and mass transfer. In 
contrast to energy, entropy generation is a measure of the system dissipation or lost 
work. The entropy generation analysis was carried out using the Gibbs free energy 
approach. In the analysis, it was found that the system total entropy generation was 
increased with increase in the heat source activation temperature. Thus, the author 
introduced the specific entropy generation which is the ratio of system entropy 
generation and the energy produced from the system. Genetics Algorithm, which 
produces the global minima rather than the local minima, was introduced to optimize 
both operational conditions such as coolant flow rates, heating fluid flow rates and the 
configuration of the area of heat transfer of the heat exchangers so as to reduce the 
specific entropy generation. The minimization of the specific entropy generation of 
the co-generation plant along with GA tool was performed. It is found out that the 
optimal firring temperature of each of the waste heat activated devices tends to 
decrease with the number of cascaded waste heat recovery heat exchanger is 
increased. Therefore, it is observed that temperature cascaded configuration for the 
waste heat recovery system could achieve the different hot water temperature for 
different waste heat activated devices. It was found out that the optimal energy 
utilization factor (EUF) for the co-generation plant is about 70% while the specific 
entropy generation is minimal.  
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Chapter 1 Introduction 
 In the conventional method of generating electricity, a primary fuel source 
such as solid, liquid or gaseous fossil fuel is burned at a power plant and the design of 
such power plants is centred on the concept of large-scale economy with each boiler 
unit as large as 300 to 1200 MW in size. Despite the advanced technology employed, 
hitherto, the best overall energetic efficiency is still below the 50% margin, implying 
that more half of the energy input to the plant is exhausted to the ambient as waste 
heat, as shown in Error! Reference source not found..  
 
Figure 1-1 A schematic diagram showing the energy flow in a conventional power 
plant for the production of electricity. 
However, the recent technological advancement in the prime movers and the heat-
activated technologies for cooling processes, coupled with the availability of liquid 
and gaseous fuels in pipelines that are reticulated at low gas pressures, have led to the 
implementation of distributed generation of electricity in smaller scale in-situ of a 
building or factory where these fuels can be brought in to their premises. Hence, the 
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now be recovered to produce useful thermal effects such as steam, heating and 
cooling or desalinated water serving the local needs of the building or factory. This 
approach has been termed as co-generation: a concept which is made possible due to 
the availability of fuel choices and matching the needs of a building or a factory. 
However, the concept of co-generation is not restricted to small-scale generation of 
electricity but it could equally well be implemented on a large-scale plant (up to 1000 
MW), serving the thermal needs of a township, for example, the district heating and 
cooling of a city for winter and summer seasons of a year.  
 With increasing electricity demand over last two decades, new approaches to 
generating electricity and meeting the world’s energy are needed but using smaller 
(under 25MW) distributed power generating systems for residential appliances. For 
in-situ generation, electricity is readily consumed; and this concept of distributed 
generation (DG) reduces the transmission losses as compared to the centralised power 
generation system. It also reduces the size and the number of power (pylon or buried) 
lines to be constructed. The distributed power generation system would require 
smaller units of prime movers such as the gas turbines and gas-fired reciprocating 
engines, as well as the emerging technologies such as micro-turbines and fuel cells, 
rotary and Stirling engines. A survey of the utilisation of smaller engines and turbines 
for the distributed generation of electricity in the world is depicted in Figure 1-2. The 
types of existing and emerging prime movers ranges the gas turbines, up to 25 MW 
are shown in Figure 1-2. Below 3.5 MW, the diesel and gas-fired reciprocating 
engines becomes a dominant market segment player. Micro-turbines and fuel cells are 
deemed promising for below 5 MW range. Unlike large turbine systems competing 
against higher priced coal-fired power plants, these emerging DG prime movers are 
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competing against products that presently feature lower capital costs. Differentiation 
for these emerging prime movers is thus achieved through secondary attributes like 
lower emissions, lower maintenance needs, lower noise emissions as well as factors 
such as branding and image of having co-generation plants. There are some key 
factors such as system product positioning; inter-technology competition, distribution 
channels, and new product adoption rate which are involved into consideration for 
both the manufacturer and their customers to consider adopting the DG system. 
 
Figure 1-2 Utilisation of gas engines and gas turbines for different size range of 
power plant. 
 For a small-scale distributed co-generation, a micro-turbine of capacities up to 
tens of MW could be operated at a factory or building site, drawing on the primary 
energy supply from either a natural gas or liquid diesel source. The natural gas supply 
has become a common mode of primary supply owing to the abundance supply of 
natural gas from either a LNG terminal or from the gas fields over the gas pipelines. 
Such a gas pipeline grid spans across hundreds of kilometres from the production 
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fields to cities in a country, for example, the Alaskan gas pipeline or the trans-Siberia 







Figure 1-3 A schematic diagram of generic co-generation plant. 
 
 Co-generation with waste heat recovery saves an additional 15-40% of energy 
when compared with the production of electricity alone. In some countries such as 
Denmark over 40% of electricity is from Co-generation plants and these installations 
are called the Combined Heat and Power (CHP) or Total Energy. Figure 1-3 
illustrates the schematic diagram of generic co-generation plant. 
 Conventional power generation, on average is, only 38 to 45 % efficient and 
up to 62% of the energy potential is rejected as exhaust heat. Moreover, further grid 
losses of around 5-10% are associated with the transmission and distribution of 
electricity from relatively remote power stations via the electricity grid. These losses 
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cycle generation can improve grid efficiency to 40% excluding losses for the 
transmission and distribution of electricity. The co-generation system reduces these 
losses by converting the heat from exhaust for useful effects such as heating or 
cooling requirements in situ.  
1.1 BACKGROUND OF COGENERAITON 
Co-generation has been applied in many types of industrial, particularly in the 
paper and bulk chemical industries, which have large concurrent heat and power 
demand. In recent years, the greater availability and wider choice of suitable 
thermally-driven technologies has meant that co-generation has become an attractive 
and practical proposition for a wide range of applications. These include the process 
industries, commercial and public sector buildings and district heating schemes, all of 
which have considerable heat demand. These applications are summarized in Table 
1-1. 
 
Table 1-1 Application of co-generation in different types of consumers 
Industries Buildings 
Pharmaceuticals and fine chemicals. 
Paper and board manufacture. 
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1.1.1 Co-generation Technologies 
 There are various energy conversion devices which can be used in co-
generation facilities. These devices include the conventional and some newly 
developed energy conversion devices.  One major consideration in selecting 
appropriate energy conversion devices is the ratio of electricity and thermal energy 
which it produces.  The ratio should closely match the electricity and thermal demand 
of the anticipated energy market; otherwise the benefits from co-generation will not 
be fully utilized.  Another consideration for a co-generation facility is its capability 
and flexibility to use various types of fuel in the event of fuel shortages and disruption 
of fuel supply. 
There are two general approaches in co-generation based on the: bottoming 
and topping cycles. In the bottoming cycle system, thermal energy is produced 
directly from the combustion of fuel.  This energy usually takes the form of steam that 
supplies process heating loads. Waste heat from the process is recovered and used as 
an energy source to produce electric or mechanical power. 
 Bottom cycle co-generation systems are most commonly found in industrial 
plants which have equipments with high temperature heat requirements such as steel 
reheat furnaces, clay and glass kilns and aluminum remelt furnaces. Figure 1-4 shows 
the bottoming cycle of the co-generation plant. 




Figure 1-4 Bottoming cycle of co-generation plant. 
 A topping cycle plant generates electricity or mechanical power first. Facilities 
that generate electrical power may produce the electricity for their own use, and then 
sell any excess power to a utility. There are four types of topping cycle co-generation 
systems. The first type burns fuel in a gas turbine or diesel engine to produce 
electrical or mechanical power. The exhaust provides process heat, or goes to a heat 
recovery boiler to create steam to drive a secondary steam turbine. This is a 
combined-cycle topping system. The second type of system burns fuel (any type) to 
produce high-pressure steam that then passes through a steam turbine to produce 
power. The exhaust provides low-pressure process steam. This is a steam-turbine 
topping system. A third type burns a fuel such as natural gas, diesel, wood, gasified 
coal, or landfill gas. The hot water from the engine jacket cooling system flows to a 
heat recovery boiler, where it is converted to process steam and hot water for space 
heating. The fourth type is a gas-turbine topping system. A natural gas turbine drives 
a generator. The exhaust gas goes to a heat recovery boiler that makes process steam 
and process heat. A topping cycle co-generation plant always uses some additional 
fuel, beyond what is needed for manufacturing, so there is an operating cost 
Steam Boiler Process demand 
Waste heat 
from process 
 Steam turbine 
Electricity 
Fb 
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associated with the power production. Figure 1-5 shows the topping cycle of the co-
generation plant. Table 1-2 outlines the characteristics of various energy conversion 
systems in co-generation facilities. CHP plant options and characteristics are tabulated 
in Table 1-3. 
 
 

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The objectives of this thesis are: 
 
a. To undertake a numerical investigation on the performance of a prototype 
temperature cascaded co-generation plant (TCCP). The numerical simulations 
are performed to evaluate the performance of TCCP and to optimize the waste 
heat recovery for various thermal energy demand such as steam, cooling and 
dehumidification. The code is also a valuable tool to examine the suitability of 
any energy recovery schemes to be implemented in the TCCP plant.  
b. To design the waste heat fired steam generator (WHSG) and investigate the 
performance. 
c. To investigate the performance of waste heat fired absorption cooling cycle at 
assorted heat source temperature. 
d. To investigate the performance of waste heat fired adsorption cooling cycle at 
assorted heat source temperature. 
e. To investigate the performance of waste heat fired multi-bed desiccant 
dehumidification system (MBDD) cycle at assorted heat source temperature. 
f. To investigate the optimal activation temperature of a host of waste heat fired 
above mentioned devices through entropy generation analysis using Gibbs 
Free approach. 
g. To optimize the  overall performance of TCCP using a well known 
optimization tool so called Genetic Algorithms (GAs) which implies the multi 
parameters  namely heat source temperature, cooling water inlet temperature, 
chilled water inlet temperature, heat transfer area and flow rates of the cooling 
and heat medium.  
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h. To investigate experimental tests on the performance of the TCCP plant for an 
assorted range of heat source and coolant temperatures supplied to the waste 
heat activated components in TCCP plant.  
i. To evaluate the economic analysis of the TCCP plant.  
 
1.3 SCOPES 
This thesis is organised in different sections and the arrangement of the chapters 
are as follow: 
 Chapter 1 provides the general introduction, objective and scope of this thesis 
 Chapter 2 gives the literature review on various co-generation systems. 
 Chapter 3 presents the general thermodynamics frame work for mass, energy 
and entropy have been discussed. The thermodynamics properties for the 
adsorbate+adsorbent system along with the thermodynamics surface are 
discussed in the third section of Chapter 3. The last section discusses the 
absorbate+absorbent system for absorption system.  
 Chapter 4 describes the brief discussion of the temperature cascaded co-
generation plant (TCCP) followed by the mathematical modelling of the host 
of waste heat activated devices namely, (i) the steam generator, (ii) the 
absorption chiller, (iii) the adsorption chiller and (iv) the desiccant 
dehumidifier. Mathematical modelling of entropy generation for above 
mentioned devices are discussed in the second section followed by the 
discussion of the simulation results. 
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 Chapter 5 presents the performance investigation on the performance of TCCP 
plant, entropy generation analysis validation of predicted results with the 
experiment. 
 Chapter 6 presents the optimization of temperature cascaded co-generation 
plant using a well known optimization tool so called Genetic Algorithm, GA. 
 Chapter 7 presents the thermo-economic viability of the TCCP plant along 
with the CO2 emission saved by the TCCP Plant. 
 Chapter 8 summarises the major findings of this thesis along with the 
recommendations.
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Chapter 2 Literature Review 
2.1 INTRODUCTION 
 This chapter presents the literature review on the co-generation concept using 
multiple waste-heat activated systems such as micro-turbines, gas engines, diesel 
engines, steam generators, absorption and adsorption chillers, and adsorption 
dehumidifiers. With a co-generation concept, primary fuel energy could be better 
utilized due to higher overall energy utilization. The availability of fuel choices such 
as natural gas, diesel fuels etc., which can be distributed and supplied in-situ of 
factories, commercial buildings has enabled plant designers and engineers to adopt 
distributed co-generation in many countries. The following section discusses the 
distribution of global demand using different fuel types as well as the analysis of the 
associated carbon emission. The last section provides the literature review of studies 
of co-generation systems. 
2.2 GLOBAL ENERGY DEMAND  
World energy consumption increases by 49 percent, or 1.4 percent per year, 
from 495 quadrillion Btu in 2007 to 739 quadrillion Btu in 2035 (EIA). The global 
economic recession that began in 2008 and continued into 2009 had a profound 
impact on world income (as measured by GDP) and energy use. After expanding at an 
average annual rate of 4.9 percent from 2003 to 2007, worldwide GDP growth slowed 
to 3.0 percent in 2008 and contracted by 1.0 percent in 2009. Similarly, growth in 
world energy use slowed to 1.2 percent in 2008 and then declined by an estimated 2.2 
percent in 2009. Figure 2-1 outlines the history and projected energy consumption on 
all over the world. The use of all energy sources increases over the time horizon is 
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shown in Figure 2-2. It is noticed that world oil prices will remain relatively high 
through most of the projection period; liquid fuels and other petroleum are the world's 
slowest-growing source of energy. Liquid consumption increases at an average annual 
rate of 0.9 percent from 2007 to 2035, whereas total energy demand increases by 1.4 
percent per year. Projected oil prices, as well as concern about the environmental 
impacts of fossil fuel use and strong government incentives for increasing the use of 
waste heat in many countries around the world, improve the prospects for waste heat 
sources worldwide in the outlook. 
Although liquid fuels are expected to remain the largest source of energy, the 
liquids share of world marketed energy consumption declines from 35 percent in 2007 
to 30 percent in 2035 (EIA, 2010). On a worldwide basis, the use of liquids remains 
flat in the building sector and increases modestly in the industrial sector. In the 
electric power sector, the use of liquids declines as electricity generators react to 
steadily rising world oil prices by switching to alternative fuels whenever possible. 
Liquids use in the transportation sector, in contrast, continues to increase despite the 
rising world oil prices in the Reference case. World liquid consumption for 
transportation grows by 1.3 percent per year, and in the absence of significant 
technological advances, liquids continue to dominate the world's transportation 
markets through 2035. 
Natural gas remains an important fuel for electricity generation worldwide. 
Electricity generation is less expensive with natural gas than with oil as the primary 
energy source, and natural-gas-fired generating plants are less capital-intensive than 
plants that use coal, nuclear, or most renewable energy sources. The world's total 
natural gas consumption has increased by 1.3 percent per year on average, from 108 
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trillion cubic feet in 2007 to 156 trillion cubic feet in 2035, and its use in the electric 
power sector has increased by 1.6 percent per year. Figure 2-3 shows the energy 
related CO2 emission by burning of different types of fuel. It is found out that burning 
of natural gas only contributes 20% of global CO2 emission compared to the other 
types of fuel such as coal and oil. Owing to its cheaper price and low carbon emission, 
natural gas is a major source of electricity generation through the use of gas turbines 
and steam turbines.  Due to the increasing demand of energy and green house gas 
emission, waste heat could be utilised to produce useful energy rather than purging 
out to ambient. 
  





















Figure 2-2 World marketed energy use by fuel type, 1990-2035 
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2.3 BACKGROUND OF CO-GENERATION SYSTEM 
Co-generation, or combined heat and power (CHP) technology, is the combined 
production of electrical power and useful heat (J.H Horlock, 1987). In electricity 
generation from fossil fuels, the waste heat can be recovered from the cooling water 
and combustion gases to be used in heating purposes such as space heating, residential 
water heating and to drive absorption chillers for cooling applications (Fallek, M., 
1986). Co-generation technologies for residential, commercial and institutional 
applications can be classified according to their prime mover and from where their 
energy source is derived. Apart from reciprocating engine and micro-turbine based 
co-generation systems for residential, commercial and institutional applications, 
technologies most likely to be successful long term are fuel cell based co-generation 
systems and Stirling engine co-generation systems because of their potential to 
achieve high efficiency and low emission levels (van der Es, 1987).  
Reciprocating engines are mostly employed in low and medium power co-
generation units (Anon, 1993). The lower and upper limits of engine sizes are often a 
function of the fuel in use; these can range from 50 kW to 10 MW for natural gas, 
from 50 kW to 50 MW for diesel, and 2.5 MW to 50 MW for heavy fuel oil. One of 
the major advantages of reciprocating engines is their higher electrical efficiency as 
compared to other prime movers.  
Steam turbines are the most commonly employed prime movers for co-
generation applications, particularly in industries and for district heating (Kehlhofer, 
R, 1978). The technology is well proven in sugar and paper mills having demand for 
both electricity and large quantity of steam at high and low pressures. Some steam 
turbine manufacturers are over 100 years old and have products ranging from a few 
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kW to 80 MW. However, turbines below two MW may be uneconomical except 
where the fuel has no commercial value. 
Gas turbines used for co-generation are usually designed for continuous duty 
because gas turbines for stand-by use normally have low efficiencies and are most 
suitable for applications where the operating periods are short (Solt, J.C, 1979). Gas 
turbines for continuous duty are traditionally divided into two groups on the basis of 
differences in design philosophy (there is now some convergence in their design). The 
aero-derivative gas turbine, as its name indicates, is more or less derived from an 
aircraft propulsion engine. The characteristics of aero-derivative gas turbines are low 
specific weight, low fuel consumption, high reliability, etc. The major advantages of 
aero-derivative gas turbines are high levels of efficiency and a compact and modular 
design with easy access for maintenance.  
There has been a steady rise in the efficiency of gas engines and diesel engines. 
The inlet temperature of a large size gas engines has risen to 1,350ºC and can be 
expected to reach 1,500ºC in the near future. The thermal efficiency of gas engines 
has been increasing thanks to an increase in compression ratio, and the application of 
pre-chamber lean burn technologies (Wilson, et. al., 1986). These improvements have 
been made possible mainly due to the progresses made in cooling, heat-resist 
materials, turbo machinery and combustion technologies. 
2.4 OVERVIEW OF CO-GENERATION SYSTEM 
During the late 1960s and early 1970s, interest in co-generation began to 
revive, and by the late 1970s the need to conserve energy resources became clear 
(Anon, 1977).  There are several reasons why co-generation technology is spreading 
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around the world since 1970s. It is an excellent method of improving the energy 
efficiency, which has a positive impact on environment and economic and is a reliable 
well-understood process (Belding, 1978). Owing to its attractive benefits, many 
researchers had been focusing on co-generation technology by the late 1970s. Fuel 
cell co-generation based on an isothermal, isobaric electrochemical process was 
proposed and it is reported that rejected heat may be recovered and utilized without 
any adverse effects on electrical power production (Ku. et. al., 1970). It was reported 
that fuel cells have a relatively flat heat rate characteristic that makes them attractive 
for part-load operation, as well as their low noise and emissions (Reinstrom, 1981). 
Fuel cells have three important advantages over conventional power generation 
technology: efficiency, environmental acceptability and flexibility (Sauer, Carl et. al., 
1987). Fuel cells are usually classified according to electrolyte and operating 
temperature. In general, four basic types are identified: alkaline, solid oxide, acid and 
molten salt (Vijay Ramani, 2006).  Although fuel cells have been utilised for co-
generation system, there are some major disadvantages of fuel cells such as its high 
cost, less life, rare availability of some elements in the cell and other technical 
difficulties that has made these great prospects still in development stage. It is 
reported the factors that determine to adopt the co-generation system from both 
thermodynamic point of view and economical point of view (Roy Aikins, 1994). 
Although initial cost is high for co-generation system, the author described that proper 
sizing of the co-generation plant, such as load matching, is one of the important 
factors which contributes the attractiveness of co-generation plant. Another reputed 
work on optimization is that a multiple objective optimization model for co-
generation-system planning and pre-feasibility design (Jose Antonio et. al., 1997) is 
introduced. The model was able to capture the different criteria of co-generation 
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system published by different researchers. Not only on the optimization work on co-
generation but also on economic feasibly had study been investigated by different 
researchers. The economic analysis of co-generation system with different load 
matching and different configuration of co-generation namely: (i) gas turbine coupled 
with compression and absorption gas cycle, (ii) gas turbine coupled with compression 
and absorption gas cycle and (iii) gas turbine coupled with combined compression and 
absorption steam cycle (M.H.A. Costa et. al., 2000). Figure 2-4 shows the different 
type of thermal cycle for co-generation proposed (M.H.A. Costa et. al., 2000).  The 
authors found out from their analysis that gas turbine coupled with compression and 
absorption gas cycle is the most attractive plant to meet thermal energy and electricity 
demands as well as economic feasibility. The operating characteristics (i.e overall 
heat production cost and CO2 emission) of district heating co-generation plant  
comprises of a gas turbine with a heat recovery boiler, under part load operation with 
both single shaft and double shaft was intensively investigated (S. Harvey et. al., 
2000). The lay out of the district heat co-generation is shown in   Figure 2-5. The 
authors also equipped the district heating plant with an oil boiler to cover up the peak 
load thermal energy demand. The authors concluded that adding an accumulator tank 
to the system will have better chance of managing the plant operating under part load. 
A natural gas fired co-generation system with advanced heat recovery gas absorption 
chiller heater was introduced in earlier 20s (M. Edera, 2002) due to its high heat 
recovery efficiency. The performance of co-generation system comprises a capstone 
C30 micro-turbine and 10 RtonYazaki absorption chiller was investigated (J.C HO et. 
al., 2003). The complete layout of the co-generation system is illustrated in Figure 
2-6 




Figure 2-4 Different type of thermal cycles available for co-generation (M.H.A. 
Costa  2000). 
 




Figure 2-5 The layout of district heat co-generation plant equipped with oil boiler 
(S. Harvey et. al, 2000) 
The experiment was conducted at both part load and full load of micro-turbine 
and it was reported that heat recovery efficiency was about 62% while the overall 
efficiency of the co-generation system achieved is 46.8%. The authors experimentally 
investigated that the proposed co-generation system is more efficient operating under 
full load of micro-turbine whilst the cooling capacity and the electricity production is 
decreased with part load operation. 
A steam turbine co-generation system for a chemical plant producing acrylic 
acid production was proposed (A. Gorsek, 2003). It was reported by the authors that 
load matching of both electricity demand and thermal could achieve the shorter 
payback period and economically feasible to adopt such a co-generation plant. E. 
Another impressive development on the numerical model of co-generation system 
which produces the power and the cooling in the form of the combined Brayton-
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Absorption cycle generation (Betelmal  2004). The model only captured the effect of 
pressure ratio on the generated power of co-generation system. The authors reported 
that the optimal pressure ratio for the system is found to be at 16:1. 
A method to achieve the optimal sizing of co-generation system using the 
mathematical programming theory is proposed (Zhang Beihong, 2005). The method 
was well developed to capture the optimal plant capacities and minimum cost of co-
generation plant. The numerical simulation model for off-design simulations based on 
the data from existing small-scale CHP plants is performed (Tuula Savola, 2005). The 
model can even capture the non linearity of power reduction during plant’s partial 
load operation condition. 
 
Figure 2-6 The schematic diagram of co-generation system produced electricity and 
cooling (J.C HO et. al.,  2003). 
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A combined heat and power plant for polymerization process was proposed to replace 
the conventional boiler plant coupled with steam turbine for the electricity demand 
(Rajka Budin et. al., 2006). Rajka introduced the condensate heat recovery and flue 
gas energy recovery to meet the thermal energy demand of the plant. The same author 
also investigated the performance of polymer process plant by adding an economizer 
and an air pre heater resulting the energy saving of 16% as compared to the 
conventional process plant. The experiment on combined heat and cold system driven 
by gas engine was conducted (Zhi-Gao Sun, 2006). It was also confirmed that 46 % of 
waste heat can be recovered while the primary energy saving of 20% is achieved 
compared to separate production of heating and cooling demand. Micro-scale BCHP 
(MBCHP) system based on adsorption chiller and internal combustion gas engine for 
the use of residential and light commercial buildings has been built to investigate the 
waste heat recovery (Y. Huangfu  2006). The same authors conducted the experiment 
on BCHP equipped with an adsorption chiller and investigated the performance of 
BCHP at different heating and cooling load. The optimal planning method was 
reported to adopt the co-generation plant based on the annual load demand of the 
office building in Korea (Si-Doek Oh  2007). The same authors concluded that the 
optimal planning method could provide the best configuration of the co-generation 
plant fitted to the specific office building and/or hotel and a group of office buildings 
and hotels depending on their energy-demand patterns. The authors also 
recommended that the payback period and the internal rate-of-return, which can be 
used as the measure for the economic feasibility of the adoption of the co-generation 
system to an office building or hotel, will be dependent on the change of tariffs of the 
fuel and electricity. A method to improve the efficiency of simple-cycle gas turbine 
equipped with heat recovery steam generator and absorption cooling cycle was 
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proposed (F.J. Wang et. al, 2007). The same author also developed the computer 
simulation code to investigate the performance of co-generation system and the 
efficiency of the gas turbine is improved by 10% by precooling the intake air of the 
gas turbine cycle. It was presented the performance characteristics and modelling of 
micro-gas turbine equipped with thermally activated cooling technologies (Adria´n 
Vidal et. al., 2007). The authors investigated the performance of micro gas turbine at 
different ambient temperature and proposed the empirical model to predict the 
efficiency of gas turbine. The sensitivity analysis for the optimization of the energy 
distribution system for a hospital was carried out (Shu Yoshida et. al., 2007).  The 
authors carried out sensitivity analysis by changing parametric values from typical 
condition to attain the knowledge about the difference of system structure under the 
different conditions  and suggested that it is useful to make a proper system planning 
considering the trend of future improvement of technology and cost of the system. 
The exergy analysis and the optimization for the novel combined power and ejector 
refrigeration cycle was presented (Wang et. al., 2008). The same authors also found 
that the combined cycle has a maximum exergy efficiency of 27.10% when turbine 
inlet pressure, turbine inlet temperature and turbine back pressure are 0.7852 MPa, 
118.9°Cand 0.1462 MPa, respectively. 
However, the following important detailed information on the co-generation system 
has not been reported.  
i. The co-generation plant equipped with the host of waste heat activated devices 
namely; (i) a steam generator, (ii) an absorption chiller, (iii) an adsorption 
chiller and (iv) a Multi-bed desiccant dehumidifier.    
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ii. The compact design of waste heat recovery method by cascading the exhaust 
gas stream to the corresponding the waste heat recovery devices.  
iii. The entropy generation using Gibb’s Free energy approach to capture the 
optimal firing temperature of hot water to the host of waste heat driven 
devices.  
iv. Minimization of entropy generation using   assorted inlet temperatures of heat 
source at both part load and full load operation of micro-turbine. 
v. Using a well know optimization tool such as genetic algorithm (GA) which 
uses multi parameters rather than single parameter to minimize the system 
entropy generation which contributes the inefficiency of the plant. 
vi. Confirmation that minimization of entropy generation (loss work) leads to 
maximization of overall performance of the co-generation plant. 
vii. Evaluation of TCCP performance at different step load and different heat 
source temperature. 
viii. The overall energy utilization factor (EUF) to achieve 70%. 
ix. The fuel energy saving ration (FESR) to achieve 20%~30%. 
 The following chapter discusses the general thermodynamic frame work along 
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Chapter 3 General Thermodynamic Framework 
3.1 SUMMARY OF CHAPTER 3 
The general balances for mass, energy and entropy have been discussed in this 
chapter. The thermodynamics properties for the adsorbate+adsorbent system, 
absorbate+absorbent system have also been discussed. The thermodynamics 
properties will be used for the modelling of the temperature cascaded co-generation 
system consists of the host of waste heat activated devices in Chapter 4.  
3.2 INTRODUCTION 
This chapter describes the general thermodynamic framework needed to 
analyze the theoretical modeling for the Temperature Cascaded Co-generation Plant 
(TCCP).  The first section of this chapter focuses on the general laws of conservations 
namely, the conservation of mass, the conservation of momentum, the conservation of 
energy and the entropy balance. Thermodynamic properties of adsorbent adsorbate 
pair for adsorption cycle is discussed in second section followed by the formulation of 
thermodynamic properties of absorbent absorbate pair for absorption cycle. The last 
section provides the derivation of thermodynamic surface of adsorption.  
3.3 GENERAL FORMULATION OF MASS, MOMENTUM, ENERGY AND 
ENTROPY  
This section discusses the general formularization of laws of conservation 
such as mass, momentum, energy and entropy of a system that involves the 
simultaneous transfer of mass, heat and momentum. Reynolds transport approach 
theorem together with the Gauss Divergence theorem is applied to formulate the basic 
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conservation laws. Consider an extensive property, N, ( a scalar, vector or tensor) of 
the identifiable fixed mass (system) such as mass, momentum and energy, the 







. Applying the Leibniz integral rule to the Reynolds 
Transport theorem,  
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Here,  sNDt
















 are the total rate of change of any extensive 

















 is the time rate of change of extensive 
property N within the control volume fixed in the moving volume, and  Adv


  is 
the net ratio of extensive property N through the control surface where v  is the 
velocity measured relative to control volume. The intensive property, α, 
corresponding to N can be expressed in terms of engineering application such as 
described in Table 3-1 
Table 3-1 Coefficient α for different properties 
Quantity Variable, α 
Mass 1 
Linear momentum v  
Angular Momentum vr   
Energy e 
Entropy s 
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3.3.1 Conservation of Mass 
The generic equation derived using the Reynolds Transport Theorem is 
applied to the fixed control volume with a total mass in the system.  The conservation 
of mass states that the rate of change of mass of a system is represented as  
 














    (3-2)   
where α denotes the intensive property related to the extensive property N, t 
represents time, CV refers to control volume of a system, CS indicates the control 
surface of a system, ρ is the density, V represents the volume of a system, v  is the 
outwards pointing normal velocity vector on the control surface, A

 is the surface area 
on the control volume.  Applying the conservation of mass principle, the left hand 
side reduces to zero since a fixed total mass of a system in a control volume cannot 
change with respect to time. 












0      (3-3) 
where α = 1, the general mass conservation for any process. Applying the Gauss 
divergence theorem and setting the integrand to zero, the conservation of mass now 
becomes 
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3.3.2 Conservation of Momentum 
Similarly, applying the Reynolds transport theorem and Gauss divergence 
theorems, the conservation of momentum where v	  can be expressed as 













      (3-5) 
   
In tensor form, the Equation (3-5) can be written as 
k k
k







       (3-6)  
where P is the pressure tensor resulted from the short-range interactions between the 
particles of the system and Fk is the tensor resulted from the external forces and long-
range interactions in the system. From Equations (3-5) and (3-6) the conservation of 
momentum density becomes  
 
  k k
k
d v
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  is momentum density, Pvv 
  is the momentum flow where vv 
  is 




  is the source of momentum and vv
 is dyadic product. 
3.3.3 Conservation of Energy 
Applying the principle of conservation of energy, the total energy content 
within an arbitrary volume V of system can only change if the energy flows through 
the boundary A  
















     (3-8) 
Here the variable, e, is the energy per unit mass, and Je is the energy flux and 
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 is a potential energy flux due to diffusion of 
various components in the field of force, P v  is an energy flux due to mechanical 
work performed on the system and ev
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, u is the internal energy. From the microscopic point 
of view, it represents not only the energy of thermal agitation but also energy due to 
short-range molecular interactions. Using the Reynolds transport and Gauss 
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Left hand side of Equation (3-10) can be expanded to include the potential and 































   (3-11)  
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Here, qJu v
   is the energy flow due to convection and thermal energy transfer that 










is an energy source 
term. Applying the substantial derivative for the term in the left hand side of Equation 
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   (3-13)  
 The second term, the total pressure P, in Equation (3-13) can be further expanded as 
a scalar hydrostatic part p and a tensor  as P pU	  where U is the unit matrix 
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     (3-15)  
 The first term on the right hand side of Equation (3-15) represents the heat flux, the 
second and the third terms stand for the mechanical work while the last term states the 
externally applied forces such elctro-magnetic forces. 
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3.3.4 Conservation of Entropy 
For any macroscopic thermodynamics system, the change of a state function 
such as the entropy, dS   can be represented by the adding of entropy contributed by 
surroundings, ed S  and entropy produced in the system id S  as show in Equation      
(3-16) 
e idS d S d S	          (3-16)  
The Second Law of Thermodynamics states that entropy generation in the 
system for both reversible and irreversible must be zero or positive (i.e, 0id S  ). 






         (3-17) 
s,totJe
CS











        (3-19)  
Where s is the entropy per unit mass, Js,tot the total entropy flow per unit area and unit 
time, and   is total entropy generation in the unit control volume per unit time. 
Using Gauss theorem and setting the integrand to zero, 
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    (3-20)  
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Equation (3-20) is a balance equation for entropy density s
 , with entropy generation 
term










        (3-21)  
Where Js is the difference between the total entropy flux Js,tot and a convective term 
sv
  
s s,totJ J sv
	          (3-22)  
The entropy per unit mass is a function of the internal energy u, specific volume v, 
and the mass fractions ck: 
 
, , ks f u v c	          (3-23)  
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Here p is the equilibrium pressure, and  k   is the chemical potential of component k. 
It is now assumed that local equilibrium exists within small mass elements and the 
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 Inserting anddu dvp
dt dt
 from energy balance equation yields, 
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and the second term, entropy generation is  
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3.4 THERMODYNAMIC FRAMEWORK OF ADSORBENT-ADSORBATE 
PAIR 
The thermodynamic framework for adsorption phenomena approaching to 
equilibrium is applied in this study just as to other phase equilibrium processes.   It is 
assumed for adsorption processes that   the adsorbed phase is treated as a 
distinguishable phase in the sense of thermodynamics. Adsorption of water vapours 
on micro- and macro pores surfaces takes place under physisorption. In this process, 
the adsorbed phase is held near the pores by the existence of Van Deer Walls forces.  
These molecules are captured by the field of force by the adsorbent surface (Van Der 
Waals forces) when the adsorbate gas molecules come into contact with the surface of 
adsorbent.  The porous surface of the adsorbent would be covered by a layer of 
molecules which is considered to be monolayer and such process occurs over wide 
ranges of pressures and temperatures. 
In this section, the thermodynamics properties such as enthalpy, entropy and 
internal energy of the system, the specific heat capacity, the adsorbed phase volume 
and the heat of adsorption are mainly discussed to characterize the 
adsorbent+adsorbate system. 
3.4.1 Enthalpy 
Total differential enthalpy of adsorbent+ adsorbate system can be expressed as 
the sum of the enthalpy of solid adsorbent and the gaseous adsorbate. 
s adh dh dh	           (3-30)  
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Here hs and ha represent the enthalpies of adsorbent and adsorbate.  Using relationship 
between derivatives, the total differential is written as  
,
s s
s p s s
Tp T
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and rearranging Equation (3-31), 
it is written as  
,s p s s
P











      (3-32) 
The enthalpy of the adsorbed phase is represented as function of temperature, pressure 
and concentration, 
 
, ,adh f T P x	 . The total differential enthalpy of the adsorbed 
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	  and Ms is the total mass of adsorbent. Using Gibbs free energy 
equation, Maxwell relationship and relationship between derivatives, the second term 
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The third term of Equation (3-33) can be expressed as   
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where Qst indicates the isosteric heat of adsorption as a function of P, T and x. Now 
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Where cp,s and cp,a represent the specific heat capacity of adsorbent and adsorbate, 
respectively and vs and va are the specific volume of adsorbent and adsorbate.  
   
3.4.2 Internal Energy 
The total internal energy of the adsorbent and adsorbate is the summation of 
the internal energies of the solid adsorbent phase and gaseous adsorbed phase. It can 
be written as 
   s a s s a adu dh dh Pdv v dP Pdv v dP	          (3-37) 
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The total differential of the entropy of adsorbate+adsorbate system is the sum 
the entropies of adsorbent and adsorbate which can be expressed as s ads ds ds	  . 
Using Gibbs free energy equation and Maxwell relationships, the entropy of solid 
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Similarly, the total differential of entropy for adsorbed phase is written as a function 
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3.4.4 Isosteric Heat of Adsorption 
One of the important properties in an adsorption process is the isosteric heat of 
adsorbent+adsorbate pair. For adsorption application, the thermodynamic variables 
are expressed with respect to isosteric heat of adsorption. The isosteric heat is defined 
as the differential change in energy δq that occurs when an infinitesimal amount of 
adsorbate uptake is transferred at a constant temperature, pressure and amount of 
adsorbent or the constant adsorbent surface ranging from bulk gas phase to the 
adsorbed phase.  
, ,st s
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The elemental heat rejected onto the adsorbent can be expressed as dq Tds 	  
where s is the sum of entropy of the adsorbent+adsorbate system i.e., 
a s gds ds ds ds	   . Equation (3-41), now become, 
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is negligibly small, the isosteric heat of adsorption become 
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3.4.5 Specific Volume of Adsorbed Phase 
The volume of adsorbed phase plays an important role in the adsorption 
system. It is calculated by Equation (3-45) from the experimentally measured heat of 
adsorption data and given as 
expt
a g st g
g x
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 is calculated from 
experimentally measured adsorption isotherm data or equations. 
3.4.6 Specific Heat Capacity of Adsorbed Phase 
 The specific heat capacity of the adsorbed phase is defined as the temperature 
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Applying the Gibb’s law and the Maxwell relations, the change of enthalpy with 
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where the first term indicates thermal expansion of the adsorbed phase, and the third 
term defines the isothermal compressibility of the adsorbed phase on the adsorbents. 
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Now specific heat capacity of adsorbed phase is now expressed in term of measurable 
variables, i.e., 
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3.5 THERMODYNAMICS PROPERTY SURFACE  
 The extensive thermodynamic properties such as entropy, internal energy and 
enthalpy of a single component adsorbent+adsorbate system at a known mass of 
adsorbent are independent of path.  It is able to track the changes of these properties 
by integrating in succession between the limits of initial pressure (Po) and P, initial 
temperature (To) and T, and xo(x = 0) and x with T, x; and P,T held constant, 
respectively for the integration process. Assuming the pressure and uptake of solid 
phase thermodynamics properties with respect to pressure and temperature is less 
dependent, the entropy of the adsorbent+adsorbate system becomes, 
   
,
, ,







P T T xx P











   
 
   
 
   

 
     (3-51) 
Chapter 3: General Thermodynamics Frame Work 
44 
 
















s P T x s P T x dT dT
T T














    (3-52) 






















s P T x s P T x dT
T
v Qc Q dT
T T v T T




























   (3-53)  
For simplicity (Chihara, K and  Suzuki, M, 1983), 
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Enthalpy of adsorbate+adsorbent system can be expressed as 
 
   
   , ,
,











h P T x h P T x


















   (3-55)  
   
 
 











h P T x h P T x c c dT
v Qh Q dx Q dP




















Chapter 3: General Thermodynamics Frame Work 
45 
 
Similarly, the internal energy of adsorbent+adsorbate system is written as 
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3.6 THERMODYNAMIC PROPERTIES OF WORKING FLUID (LiBr 
SOLUTION) 
The thermodynamic properties of the working fluid are less dependent for the 
evaluation of performance and efficiency of the reversible cycle. However, for a real 
machine, the performance and efficiency are determined to a large degree by the 
properties of working fluids which are strongly influenced by the first cost and the 
operation cost of an absorption machine. This section focuses on the thermodynamic 
properties of LiBr solution which is used in the temperature cascaded co-generation 
system in this study. There are many other working fluids for the absorption system. 
These include water/sodium hydroxide, water/sulphuric acid, ammonia/sodium 
thiocyanate and hundreds of other mixtures.  Some of these fluids are for specialized 
application, such as high temperature, while others proposed as possessing improved 
properties over the conventional fluids.  In general, the proposed alternative may 
address one weakness of the conventional fluids while contributing several additional 
weakness of their own.  The desirable properties of working fluids is chosen  
according to several factors, namely, (i) a high affinity between the adsorbent and the 
refrigerant, (ii)  a low heat of mixing and (iii) a high latent heat. Table 3-2 
summarises some properties of working fluids. 
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Table 3-2 Properties of absorption working fluid. 
Properties Ammonia/Water Water/Lithium Bromide 
Refrigerant   
High latent  heat Good Excellent 
Moderate vapour Too High Too Low 
Low freezing Excellent Limited Application 
Low viscosity Good Good 
   
Absorbent   
Low vapour pressure Poor Excellent 
Low viscosity Good Good 
   
Mixture   
No solid Phase Excellent Limited application 
Low Toxicity Poor Good 





3.6.1 Enthalpy of Lithium Bromide Solution 
Similar to adsorption phenomenon, vapor-liquid equilibrium data such as 
enthalpy and entropy of binary solution are discussed in this section. LiBr solution is 
used in this study.  For each component, i.e., water and salt one reference point for 
enthalpy (h=0) has to be chosen. It is common to choose the liquid phase at triple 
point of water as zero point for water. The zero point of salt is chosen in a way that 
the solution at 50% LiBr and 0 °C has an enthalpy of 0 kJ/kg. Starting over 50% and 
0°C, enthalpy 
 
, ,h f P T 	  can be calculated by integrating over temperature and 
concentration. The total differential of the enthalpy of LiBr solution is expressed as   
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where n is the no. of moles water in LiBr solution.  The second term, the partial molar 
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o
 is the density of pure water and T is in unit of  °C. The derivatives of enthalpy with 
respect to pressure is written as 
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where To = 0°C and o =50% are the temperature and concentration of the reference 








denote the vapor pressure  and its derivatives with respect to T and 
 
 
, , ,h T P T   is the enthalpy of  solution at  boiling point. In principle, the specific 
is first integrated at a constant, reference concentration from reference temperature To 
to desired temperature T. It is then integrated at constant temperature from o  to 
desired concentration 

.If the pressure dependence of enthalpy shall be considered, 
the enthalpy of sub-cooled solution can be calculated starting with Equation (3-62) by 
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The minimal information requires calculating the enthalpy of the solution is the vapor 
pressure, concentration range and specific heat capacity of the solution for 
concentration o . The specific heat capacity of LiBr solution was experimentally 
determined by Feuerecker (1994). 
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Here 
 
,pc T   is specific heat capacity in kJ/kg, T is the temperature in K and o   is 
the concentration in weight %. The coefficient used in Equation (3-65) is tabulated in 
Table 3-3. The data are valid at a concentration ranging from 40 to 75% and 
temperature between 0°C and 190°C where the vapor pressure does not exceed 200 
kPa. 
Table 3-3 Coefficient for calculating specific heat capacity 
i bi ci di 
0 -3.293E-1 7.4285E-3 -2.269E-6 
1 4.076E-2 -1.5144E-4 - 
2 -1.36E-5 1.3555E-6 - 
3 -7.1366E-6  - 
 
3.6.2 Entropy of Lithium Bromide Solution 
Similarly, entropy of LiBr solution can be represented as a function of 
pressure, temperature of solution and mole of water, 
 
, ,s f T P n	 . The total 
differential of entropy of solution can be expressed 
, , ,P n T n T P
S S SdS dT dP dn
T P n
  
     
	  
     
  
     






















   
	 
   
 
   
 (Maxwell relation) 
 , ,
, ,
m vapor m vapor
P T P T





   
	  
 !
   
 





















P T P no w
c T dP vs T P T dT
T dT T
S dP v d

























   
 
 !
   
 





  (3-67) 
 
where the  reference temperature, To is 0°C and reference concentration is o 50% by 
weight. Integration of the entropy of solution follows the same path of that of 
enthalpy of solution. The entropy of solution represented in Equation (3-67) is only 
for boiling solution. For the solution which is in sub-cooled regime, the entropy is 
further expressed as  
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3.6.3 Internal Energy of Lithium Bromide Solution 
The total differential of the internal energy of LiBr solution can be expressed 
as du dh vdP pdv	   . Substituting enthalpy of solution in internal energy term 
yields, 
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3.6.4 Heat of Absorption of Lithium Bromide Solution 
Absorption describes the transfer of a binary vapour into absorbent of a liquid. 
It is similar to condensation in such a way that a phase change occurs from a vapour 
state to a liquid state. After vapour is absorbed into condensed phase, the heat of 
absorption or heat of dilution released. The heat of absorption is defined as 
differential change in energy q0  that occurs when infinitesimal amount of absorbate 
uptake 
0
 is transferred at a constant temperature, pressure and mass of solution. 
Applying Gibbs free energy, the total differential form of Gibbs free energy in 
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. Substituting above relationship in Equation 
(3-70) gives 
sol sol soldg sdT v dP d 	          (3-71)  
 
Chapter 3: General Thermodynamics Frame Work 
52 
 
The Maxwell relation states that  
ji
i j j i xx
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where 1  is the thermodynamic potential xi, xj are two different natural variables for 
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Similarly, the total differential of chemical potential of gaseous phase is written as  
vap
g gd s dT v dP 	          (3-76)  
At equilibrium, it is assumed that sol vap sol vapd d   ' 2 ' . Therefore,  
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Chapter 4  Thermodynamic Modeling Of A Temperature 
Cascaded Co-Generation Plant 
4.1 SUMMARY OF CHAPTER 4  
Performance analysis and entropy generation analysis of TCCP plant 
comprises, namely (i) a steam generation cycle, (ii) an absorption cooling cycle, (iii) 
an adsorption cooling cycle and (iv)  a multi-bed desiccant dehumidification cycle is 
numerically investigated. It is observed that the system total entropy generation, 
which is an accumulation of entropy generation of each of major component, is 
linearly increasing with increase in heat source. Thus, specific entropy generation of 
the system, which is the ratio of total system entropy generation to the useful energy 
produced by the system, is introduced to investigate the sensitivity of heat source inlet 
temperature. Optimization of each of major component through specific entropy 
generation analysis to obtain the optimal activation temperature for the host of 
thermally activated components in TCCP. It is observed that the optimal activation 
temperature of exhaust gas temperature for steam generation cycle is 285°C whilst the 
optimal hot water temperature for the absorption cycle, the adsorption cycle and the 
multi-bed desiccant dehumidification system are 89°C, 82°C and 77°C, respectively 
while the specific entropy generation for each of the devices are found to be minimal. 
The experiment and experimental performance investigation for the TCCP system 
will be discussed in Chapter 5. 
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4.2 INTRODUCTION  
In Chapter 3, the conservation of mass, energy, momentum, entropy and 
thermodynamics properties of both adsorption and absorption systems have been 
discussed. In this chapter, the detailed mathematical modelling of a temperature-
cascaded co-generation plant, comprising a micro-turbine unit of 30 kW electrical 
nominal capacity and a host of heat activated devices, namely  the heat-driven steam 
generators, the absorption chiller, the adsorption chiller and the dehumidifier, are 
presented. The predicted performance results and entropy generation analysis are also 
carriedout. The minimization of the entropy generation in the heat driven devices are 
carried out at assorted heat source temperatures.  
Natural gas (in compressed natural gas cylinders) is supplied to burn in a 30 
kW capstone C-30 micro-turbine unit. At full load conditions, the exhaust gas leaves 
at 285 °C or more to a steam generator (SG) where moderately superheated and 
saturated steam are generated at a nominal pressure of 10 bar. After the steam 
generator, the exhaust heat is further used to power the custom-built LiBr absorption 
(single-stage) chiller (AB), a two-bed adsorption chiller (AD) (Ng, et. al., 2011) and a 
two-bed desiccant-type dehumidifier (DD). The steam generator, consisting of an 
evaporator, a super-heater, a steam drum, a pressurizer and a condenser, produces 
super heated steam at a pressure of 10 bar.  Silica-gel is used as an adsorbent for 
adsorption chiller and desiccant dehumidifier because the affinity for refrigerant, 
water vapour in this study, is in suitable range. Characteristics of silica-gel water are 
discussed in this chapter. The configuration of temperature cascaded co-generation 
plant will be discussed in more detail in section 4.5. Mathematical models for each 
one of  the waste heat activated components are also presented. 
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4.3 CAPSTONE C30 MICROTURBINE 
 Micro-turbines are small combustion turbines that produce from 25kW to 
500kW of electrical power. These turbines can combust most of the commercially 
available fuels, such as gasoline, natural gas, propane, diesel, and kerosene as well as 
renewable fuels such as E85 biodiesel and biogas. Micro-turbine designs usually 
consist of a single stage radial turbine, a single stage radial compressor and a 
recuperator. The recuperator recovers exhaust heat that can be used for other heating 
purposes instead of using electrical energy. Typical micro-turbine efficiencies are 25 
to 35%. When used in combined heat and power co-generation system, efficiencies of 
greater than 80% are commonly achieved. In this co-generation system, the use of a 
micro-turbine is preferred over reciprocating engine generators as micro-turbine 
systems have many advantages such as higher power-to-weight ratio, extremely low 
emissions and just one main moving part. Also, micro-turbines may be designed with 
foil bearings and air-cooling operating without lubricating oil, coolants or other 
hazardous materials. The micro-turbine used in this co-generation system is a 
Capstone Micro-turbine Model C30 as shown in Figure 4-1. The micro-turbine unit 
produces electricity and heat, fuelled by natural gas. Electrical output is rated at 30 
kW (electrical efficiency: 26%). The inlet fuel pressure required by the micro-turbine 
is about 4 to 5 bar. The temperature of the gases leaving the combustion chamber is 
about 300 °C. Figure 4-2 shows the performance of the C30 micro-turbine under 
different operating ambient temperature. The power output and efficiency of the 
micro-turbine without inlet air temperature cooling or conditioning suffers at high 
temperature owing to the effect of lower air density, which in turn reduces the mass 
flow of the air. As the average temperature of Singapore is about 32°C, the net power 
and the net efficiency could drop about 16% and 4%, respectively. 




Figure 4-1 Main components of capstone C30 micro-turbine 
 
 
Figure 4-2 C30 micro-turbine performance under singapore’s ambient 
temperature. 
4.4 CHARACTERISTICS OF SILICA GEL- WATER AND ISOTHERM OF 
SILICA GEL- WATER PAIR 
The efficacy of adsorption cycle and desiccant dehumidification cycle used in 
the present study depends on the sorption characteristic of adsorbent (silica gel) and 
adsorbate (water vapour) for the production of cooling and dehumidification effects. 
Region of Singapore’s 
ambient conditions 
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The water vapour uptake by the adsorbent is a direct function of performance of 
cycle. Thus, the adsorbent to be used in the cycle possess a good uptake of adsorbent 
as well as the ability to regenerate at reasonably low grade heat source temperature. 
The adsorbent material usually is a hydrophilic porous material having a higher 
surface area with transient bonding to water molecules via the hydrogen bonds. A 
suitable adsorbent is based on the regeneration temperature.    Table 4-1 shows types 
of hydrophilic adsorbents and their respective regeneration temperature and surface 
area. 
Table 4-1 Types of adsorbent and their regeneration temperature and surface area 
  (Thu et. al., 2010) 
Types of adsorbent  Surface area (m2/g) Regeneration Temperature (°C) 
Activated Alumina 300 120-260 
Silica Gel 800 55-140 
Molecular Sieve 400-600 175-350 
  
 Silica gel has been selected as it is able to perform regeneration at the lowest 
temperature since the AD cycle and DD cycle is designed to recover waste heat which 
is essentially free. In AD and DD cycles, the adsorbate, water vapour, is very 
important factor in the selection of silica gel.  Some of the important characteristics of 
silica gel namely (i) uptake of water vapour, (ii) surface area and (iii) pore size 
distribution were experimentally investigated using different types of silica gel (K. 
Thu et. al., 2010). The uptake of water vapour of different types of silica gel, namely 
(i) Type RD-Mycom, (ii) Type RD-2560 and (iii) Type-A5BW, at 25°C is shown in 
Figure 4-3. It is observed from Figure 4-3 that the Mycom RD type silica gel 
possesses the highest equilibrium uptakes about 537 cc/g. The adsorption and 
desorption performance of  water vapour by Mycom RD type of silica gel is also 
Chapter 4: Thermodynamics Modeling of A Temperature Cascaded Co-generation Plant (TCCP) 
59 
 
illustrated in inserted diagram in Figure 4-3. The surface area of mentioned types of 
silica gel was determined by K.Thu et.al (2010) using the Brunauer-Emmett-Teller 
(BET) methods, and the BET equation is given as  
1 1 1
1o m m o
C P











      (4-1)  




 and Wm  indicates 
the weight of adsorbate at a monolayer coverage and C is the BET constant. BET 
plots for the three types of Silica gel is plotted as shown in Figure 4-4. 
 
Figure 4-3 Water vapor uptake of different types of silica gel at various relative 
pressures [Thu et. al., 2010]. 




Figure 4-4 BET plot of different types of silica gels [Thu et. al., 2010] 
 
Figure 4-4 shows that surface area of type RD Mycom silica gel, the highest surface 
area compared with the latter two types of silica gel, is 746.2 m2/g while the summary 
of the surface area analysis BET methods is furnished in Table 4-2. The pore size 
distribution of above mentioned silica gels are also conducted using the density 
functional theory (DFT) method by Thu et.al (2010).  The results are shown in Figure 
4-5. It is found that all three types of silica gels have a two-maximum distribution or 
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Table 4-2 Summary of BET analysis (Thu et. al., 2010) 
 Type RD Mycom Type RD 2650 Type A5-DW 
Slope 4.849 7.186 5.215 
BET constant, C -25.667 -19.81 -37.953 
Y-intercept, i -0.1818 -0.3453 -0.1339 
Correlation 0.999373 0.999248 0.999622 
Surface area (m2/g) 746 509 685 
  
 
Figure 4-5 Pore size distribution of three different types of silica gels [Thu.et. al., 
2010] 
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4.5 PERFORMANCE OF A TEMPERATURE CASCADED CO-GENERATION 
PLANT  
The performance of a Temperature Cascaded Co-generation Plant (TCCP) is 
discussed in this section. The TCCP comprises a capstone C-30 micro-turbine, a set 
of waste heat recovery cross flow heat exchanger, a steam generator (SG), an 
absorption chiller (AB), an adsorption chiller (AD) and a desiccant dehumidifier 
(DD). This section includes five sub-sections. The configuration of TCCP and 
working principle of its components are discussed in section one. In section two, 
mathematical modelling of a host of waste heat driven components in TCCP   is 
discussed following by the simulation results in section three. The entropy generation 
analysis and minimization of entropy generation at assorted inlet heat source 
temperature of abovementioned components are further simulated in section four.  
4.5.1 Description of A Temperature Cascaded Co-generation System 
The definition of “Co-generation”, also known as “Combined Heat and 
Power” (CHP), system is the simultaneous generation of two useful forms of energy 
(such as power and heat) from single primary energy source. In general, the heat 
generated for the process is a by-product of thermal power generation systems, where 
the primary source of fuel is biomass and fossil fuels. The amount of generated heat is 
dependent on the power generation process. The usefulness of the heat, defined as 
process steam, hot water or hot air, is dependent on the actual heat quality 
requirements in the system being served by the co-generation plant. The temperature 
mainly defines the quality of the heat. Low heat temperature requirements will 
increase the amount of usable heat from the co-generation system. Heat can be used 
for different types of heating purposes in industrial processes, residential heating and 
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also for cooling processes. Figure 4-6 illustrates the comparison between a Co-
generation plant and a conventional plant.  
In this section, the Temperature Cascaded Co-generation Plant, shortly in 
TCCP, is discussed.  The TCCP produces both electricity and thermal energy, which 
is extracted from the exhaust gas of micro-turbine to fire some thermally activated 
system namely, (i) a steam generator, (ii) an absorption chiller, (ii) an adsorption 
chiller, and (iv) multi beds Desiccant dehumidifier which is recently patented by Ng 
et.al (2011). The abovementioned host of waste heat activated devices is connected to 
the heat recovery heat exchangers. 
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The heat exchangers are connected in cascaded manner to produce hot water 
with the ranges of activation temperature for each of the aforementioned devices.  
Figure 4-7  provides the layout of TCCP and its components. The schematic diagram 
of TCCP is shown in Figure 4-8. 
 
Figure 4-7 A schematic layout of the experimental co-generation plant fed by 
natural gas to the micro-turbines. 
 
The sub-systems involved in TCCP are: 
1) Compact Waste heat recovery system:  Exhaust gas from Capstone C-30 
micro-turbine at a temperature of 285°C fired to the steam generator to 
produce super heated steam at a pressure of 10 bars. The exhaust gas 
emanating from steam generator is then fed to a compact heat recovery system 
that is composed of three cross flow heat exchangers. The first exchanger 
connected to the absorption chiller, is fired using waste exhaust gas at a 
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temperature of 235°C to produce hot water at a temperature ranging from 85 
to 90°C. The hot water is then utilized as an energy source to operate the 
absorption chiller. The second heat exchanger utilizes the exhaust gas at a 
temperature of 185°C as an energy source to produce hot water at a 
temperature of 80 to 85°C to feed multi-bed regenerative adsorption chiller. 
Finally, the last heat exchanger is fired with the exhaust gas at a temperature 
of 130°C to produce hot water at a temperature of 70 to 80°C which is used to 
operate Multi-bed desiccant dehumidification unit. 
2) Compact heat rejection system:   This system comprises three plate heat 
exchangers to reject the heat from the thermally activated system shown in 
Figure 4-8. Since chilled water is available in the laboratory, heat released 
from the absorption chiller, the adsorption chiller and the desiccant 
dehumidifier is circulated to each of the plate heat exchangers to reject the 
heat to the chilled water circuit.  
3) Fan-coil system: The chilled water produced from the absorption chiller and 
the adsorption chiller is circulated through the fan coil unit to supply the cool 
air to the room. The dry air produced from desiccant dehumidifier is fed to the 
fan-coil unit. 
The Capstone C-30 micro-turbine generates 28 kW of electrical energy while the 
exhaust gas, at a temperature of 285°C, from the micro turbine is utilized to fire above 
mentioned thermally activated components to produce varieties of useful energy such 
as steam, cooling and dehumidification. Waste heat driven steam generator (WHSG), 
one of the above mentioned components, comprises an evaporator, a super heater, a 





































































































Figure 4-9 A schematic diagram of waste heat fired steam generator, forming the 
first stage of the energy extraction from the turbine exhaust. 
 
The schematic diagram of WHSG is shown in Figure 4-9.The evaporator and the 
super heater, comprises helical finned tube exchanger, serve as a waste heat recovery 
unit to extract waste energy from exhaust gas emanating from micro-turbine. Figure 
4-10 shows details of the evaporator and super heater used in the steam generator. 
Water in the steam drum is first pressurized to 10 bar. After pressurization, the 
pressurized water is circulated through the pump to the evaporator in which the 
incoming water is heated up to its boiling temperature using exhaust gas at a 
temperature of 275°C and returns to the steam drum.  The saturated steam and the 
water are separated in the steam drum to produce the saturated steam at a pressure of 
10 bars, which is pushed to the super heater to produce the super heated steam at a 
temperature of 250°C, and pressure of 10 bars by the exhaust gas temperature of 
285°C. The super heated steam could be utilized for any purpose such as in kitchen or 
laundry. However, the super heated steam in this study is condensed in the condenser 









Figure 4-10 Detailed drawing of an evaporator and a super heater used in the steam 
generator 
 
The absorption chiller, the second system of TCCP, is connected to WHR-HE-
01 as shown in Figure 4-8. The exhaust gas emanating from WHSG at a temperature 
of 235°C is connected to WHR-HE-01 for energy recovery. WHR-HE-01, a cross 
flow helical finned tube heat exchanger, utilize exhaust energy to produce hot water at 
a temperature of 75~90°C. The schematic diagram is illustrated in Figure 4-11. The 
hot water is fed to fire a single effect LiBr absorption chiller to produce cooling 
effect. The single-stage lithium-bromide water absorption chiller comprises a 
generator, an absorber, an evaporator, a condenser, a solution heat exchanger, an 
expansion valve and a solution pump.  
 




Figure 4-11 A schematic layout of a single-effect LiBr-water absorption Chiller of 
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At the generator, a heat source is supplied, typically from 75 to 95o C, to re-generate 
the Li-Br solution (entering at 55-57% concentration) where the refrigerant (water 
vapor) is released from the solution. The generated water vapour moves to cooler 
surfaces of a water-cooled condenser where they are condensed at a lower system 
pressure. The strong solution (at a concentration of 60-63%) flows down to the 
absorber by gravity via a heat exchanger, and it is allowed to drip over the external 
surfaces of absorber coils (water-cooled internally). These strong solution films are 
exposed to the water vapour emanating from the evaporator. Owing to its high affinity 
to water vapour, a low saturation pressure results at the absorber and the evaporator. 
The condensed liquid (water) from the condenser is expanded through an expansion 
device, and then is boiled when external heat, from the chilled water flowing inside 
the tubing, is supplied, and this enables cooling by the absorption cycle.  
The multi-bed regenerative adsorption cycle is an environmentally friendly 
method to produce cooling by utilizing the low grade waste heat source typically 70 to 
85 °C. The AD cycle comprises three major components namely (1) the evaporator, 
(2) the condenser and (3) single to multi-reactor beds where the adsorbent is placed. 
Figure 4-12 shows the schematic layout of AD cycle. As shown in Figure 4-12, the 
condensate from the condenser is depressurized through the U-tube and sent to the 
evaporator where external heat that provides the heating capacity to sustain the 
evaporation, from chilled water flowing inside the tubing, is supplied. The 
evaporation is achieved by the water vapor uptake by the adsorbent (type RD silica 
gel). The evaporation process is enhanced by a spray system using the full-cone type 
nozzles. The water vapor emanating from the evaporator is absorbed by the 
unsaturated silica gel which is packed into a tube-fin heat exchanger housed inside the 
reactor beds. A continuous vapor uptake is achieved when the vapor valve is opened. 
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Owing to the nature of the adsorption process, heat is released during vapor uptake 
and the adsorption process continues to a preset cycle time.  In general, the cycle time 
in the adsorption process is one of the input parameters to control the cycle 
performance. The time interval of operation is a direct function of the heat source 
temperature.  The saturated silica gel (performed adsorption process previous half 
cycle) could be now regenerated by introducing a low grade waste heat source 
typically 65 to 85°C and this is known as desorption process. The waste heat recovery 
is achieved by using cross flow helical finned tube heat exchanger “WHR-HE-02” as 
shown in Figure 4-12. The exhaust gas emanating from WHR-HE-01 is directed to 
WHR-HE-02 to heat up the hot water, which is supplied to the saturated reactor beds 
to regenerate the water vapor. With the vapor valve set to open position, the 
regenerated water vapor flows to the cooler surfaces of a water cooled tubing and it 
condenses through the U-tube and is sent to the evaporator where the cooling effect is 
produced. The condensation process is accompanied by the rejection of latent heat of 
condensation into the cooling water passing inside the tubing in the condenser. The 
AD cycle operates in batch-type process to achieve the useful effect using two or 
more adsorber or reactor beds, cycling one or a group of reactor bed as adsorption 
mode whilst the others are in desorption mode during the first half cycle of operation. 
The roles of the reactor beds are reversed in next half cycle.  
Prior to switching their roles, pre-cooling of desorber bed and preheating of 
adsorber bed need to be performed for a short period, which is known as a switching 
process. Other performance enhancement schemes are incorporated, such as the heat 
and mass recovery that recovers the residual energy in a short period.  














































Figure 4-12 A schematic diagram of adsorption (AD) cycle (silica gel-water) of 
nominal capacity of 7 kW. 
The following heat recovery schemes are implemented in the AD cycle; 
a. Heat recovery by water re-circulation: During the start of the switching 
process, the desorber bed is hot (typically 65° to 80°C) whilst the adsorber bed 
is cold (typically 33° to 37°C). Due to the high thermal masses in the reactor 
beds, they contain substantial amount of thermal or residual energy.  The heat 
recovery scheme at these beds can be implemented by channeling the residual 
hot water in the desorber bed to the adsorber bed to pre-heat it using a pump, 
so as not to affect the overall operating half cycle period as shown in Figure 
4-13-(a). The recirculation pump operates only during the switching period.  
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b. Heat recovery by water valve delay: Figure 4-13-(b) describes the heat 
recovery by delaying the opening of the water valves during switching period. 
The residual hot water in the pre-cooler which was in desorber mode in the 
precious cycle is sent to the hot water tank by delaying the opening of the 
respective valves until the cold front of the cooling water is detected by the 
bed outlet temperature sensor. This arrangement not only recovers the residual 
thermal energy but also reduces the load to the cooling tower which otherwise 
has to reject this amount of heat. Concurrently, the residual cooling water in 
the pre-heating bed was sent to the cooling water tank instead of being sent to 










Figure 4-13 Heat and mass recovery schemes used in the AD cycle so as to 
improve the COP of chiller. 
Delayed Valve 
Delayed Valve 
(a) Water Recirculation 
Pre Heating of Bed 
Residual hot water pushed 
by incoming cooling water 
Pre Cooling of Bed 
Residual cooling water 
pushed by incoming hot 
water 
(b) Valve delay 
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A multi-bed desiccant dehumidification (MBDD) system, shown in Figure 
4-14, comprises an adsorption bed and a desorption bed operating in absorption and 
desorption modes in a batch manner or alternatively.  The dehumidification process 
comprising: (i) the passing of coolant through one of the beds for the adsorption 
process where moist outdoor air is dehumidified, for example, the absolute humidity 
from 24 g/kg of dry air is reduced to 12 g/kg of dry air. Concomitantly, a waste heat 
source at 60 to 85°C is passed through the other bed for the desorption process. The 
beds are scheduled in such a manner that each bed alternates its role as an adsorber or 
a desorber over an identical time interval. Within the beds, multiple heat exchangers 
or “cakes”, as shown in Figure 4-15, are installed in a horizontally-placed V-shaped 
configuration for the moist air to pass through with a low Reynolds number or a 
laminar flow.  Depending on the size of the cakes and the amount of silica gel in the 
heat exchangers, the flow rates of coolant and the heating fluid through the beds are 
designed to give minimal pressure drop. The beds are scheduled in such a way that 
each bed operates alternately in adsorption and desorption mode for the same time 
interval. Such a schedule ensures that maximum extraction of energy from waste heat 
and maximum removal of moisture content in the air leading to increase in useful 
effect.  The detailed schematic diagram of MBDD unit attached to waste heat 
recovery heat is illustrated in Figure 4-16. 





Figure 4-14  An overview of the multi-bed desiccant dehumidification (MBDD) unit that 
forms the last stage of the temperature cascaded co-generation Plant. 
 
Figure 4-15 Internal sectional view of the MBDD unit where moist air is 
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A mathematical model of TCCP, as shown in Figure 4-17, was developed by 
adopting the mass, energy conservation and thermodynamics properties that were 
discussed in Chapter 3. The following section provides the detailed mathematical 
modelling and numerical simulation on the host of the waste heat activated devices 
coupled with Capstone C-30 micro-turbine unit. 
 
Figure 4-17 The layout of the temperature cascaded co-generation plant (TCCP)  in 
the laboratory. 
 
4.5.2 Mathematical Modelling 
This section describes the development of the mathematical models along with 
the entropy generation of a host of waste heat activated components coupled with 
micro-turbine in TCCP Plant. It is based on flow boiling heat transfer phenomena for 
steam generator, thermodynamics properties of LiBr solution for the single stage 
absorption cycle, the adsorption isotherm and kinetics for the AD cycle and the 
MBDD cycle. Conservation laws namely mass and energy are also applied for each of 
Micro-turbine
Steam generator
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the components in the TCCP plant. Type-RD silica gel is employed as the adsorbent 
in AD cycle and MBDD cycle.  The following sub section provides the detailed 
mathematical modelling of steam generation cycle. 
4.5.2.1 Mathematical Modelling for Steam Generation Cycle 
Based on the theoretical frame work developed in the Chapter 3, the mass 
conservation and the conservation of energy are developed for the evaporator, the 
super heater and the condenser. The conservation of mass for evaporator can be 
expressed as  
 
,
, ( 10 )
w evap
f in s sat
dV
m P bar m P
dt

 	 	       (4-2) 
Here, Vw,evap is the retained water in the evaporator, ,f inm  is the rate of feed water  and 
sm  is the saturated steam at a preset  pressure of 10 bar produced from the evaporator. 
The saturated steam is then sent to the super heater to generate the super heat steam. 








ss s evap sat ss sat
dV T
T m T P m T P
dt

 	      (4-3)  
Where 
 supss T
  is the density of super heated steam,  supssV T  is the volume of 
residual steam in the super heater,  
 
 s evap satm T P  is the incoming saturated steam to 
the super heater and 
 sup ,ss satm T P is the mass of super heat steam produced from 
super heater. The conservation of mass for condenser can be given as  
 
 sup ,cond ss sat cond cond
dM m T P m T
dt
	        (4-4) 
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here, Mcond is the amount of condensate in the condenser and   cond condm T  is the 
condensate coming out from condenser. Both of the evaporator and the super heater 
are interacting with the exhaust gas emanating from the micro-turbine. The 
conservation of energy for exhaust gas and the saturated steam in the evaporator can 
be thus given as  




, 2 , 2
, 2
( )exh o e e exh in exh oexh Hx
exh o evapevap
dT









   (4-5) 







f sf evap fg evapf Hx
exh o evapevap
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  (4-6) 
        
where Texh,in2 is the exhaust gas emanating from super heater and Texh,in2 is the outlet 
temperature of exhaust gas from  evaporator. The overall heat transfer coefficient for 
























      (4-7) 
The local heat transfer coefficient for flow boiling process (Gungor and Winterton 
,1986),  can be expressed as follows 
tp L nbh Eh Sh	          (4-8) 
Here hnb is the nucleate boiling and hL is calculated from the Dittus-Boelter 
correlation using the local liquid fraction of the flow, m°(1-x), while their nucleate 
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pool boiling coefficient is obtained using the Cooper (Cooper,1984) nucleate pool 
boiling equation: 
 
0.550.12 0.5 0.6755 0.4343lnnb r rh p p M q


	       (4-9)  
The above equation is dimensional and gives the heat transfer coefficient in W/m2K., 
q is the  heat flux, M is the molecular weight and pr is the reduced pressure, which is 
the ratio of the saturation pressure psat to the critical pressure pcrit. Their two-phase 
convection multiplier E is a function of the Martinelli parameter and also the heat flux 
via the Boiling number: 
0.86













	  represent the ratio of the actual heat flux to the maximum heat flux 
achievable by complete evaporation of the liquid and Martinelli parameter can be 

















   
      (4-11) 
The boiling suppression factor S is 






      (4-12) 
where ReL is the reynold number  based on m (1-x).   
The local heat transfer coefficient for the exhaust gas side can be given as  
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,ex ex ex p exh St G C	         (4-13) 
Where Stex is the Stanton number, Cp,ex is the specific heat capacity of exhaust gas and 
Gex is the product of velocity and density of exhaust gas stream. The Reynold number 
is ,
4





 and the product of 2/3Prg gSt  could be obtained from the work by 
Kays and London. Similarly, conservation of energy for exhaust gas and steam in 
super heater can be written as follow: 
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     (4-15) 
The overall heat transfer coefficient for the superheater which is similar to the 
evaporator discussed earlier and it shall not be repeated. The energy required to 
condense the super heated steam in the condenser can be expressed using the energy 
conservation equation as follows: 




,cond s g sat s f condcond Hx
cond oil incond









  (4-16) 
 
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    (4-17) 
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      (4-18) 
    
The local heat transfer coefficient for cooling water is calculated using Dittus-Boelter 
correlation.  The local heat transfer coefficient for the condensate can be expressed by 























       (4-19) 
Energy balance for air side can be given by 
 








p p oil p oil in oil oair Hx
air o oil inHE
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    (4-21) 
Similar calculation procedures could be applied for the overall heat transfer 
coefficient for heat exchanger. The useful energy for steam generator can be 
expressed as  
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 , ,UE SG s g sat sQ m h P T	        (4-22) 
where sm  is the amount of steam produced by the steam generator , Tair,in and Tair,o 
are inlet and outlet air temperature to the coil, respectively.  
4.5.2.2 Mathematical Modelling for Absorption Cooling Cycle 
A distributed-parameter mathematical modelling is formulated for all key 
components of the absorption cycle so that the temperature and concentration profiles 
in the various circuits of the cycle can be computed and monitored. The following 
mass balance and energy balance equations for working solution and refrigerant flows 
can be applied for the generator where the device is simulated with a total of N 
elements. Each of the elements is treated as control volume in this study. 







	         (4-23) 
  
where dmss/dt represents the flow rate of strong solution from element of the 
generator, dmws/dt is the incoming flow rate of weak solution from the absorber to 
generator and dmwvc/dt  indicates the refrigerant flow rate from the generator to the 
condenser. In the present model, mass separation is assumed to achieve at equilibrium 
whilst the refrigerant flow rate which is function of the temperature, saturation 
pressure and concentration of lithium-bromide solution can be calculated using 
Equation  












































5     (4-24) 
  
where 5gen = 0 if the solution is sub-cooled or P (Tgen, X) < Pgen, otherwise the value is 
set at unity.  Thermodynamics properties of aqueous solution of LiBr such as 
saturation pressure, dew point temperature,  enthalpy of solution and entropy solution 
was introduced  by McNeeley where the concentration of strong solution in the 
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where Xss and Xws represent the concentration of strong solution and the weak 





dmwvc/dt  dmws/dt, Xws 
Control volume 




( , ) ( , )
( )
( , , ) ( , )
sol psol p genhx ws ss
sol gen ws sol gen ss
gen gen hwin gen
wvc v
gen gen ss g gen c
wv
M C Mc dT dm dmxh T X xh T X
N dt dt dt
U A T T
N















where the first term on the right hand side of equation (4-27) is enthalpy change of the 
solution, the second term is the heat transfer between the solution and the hot water 
which is heat source and the third term is de-superheating of the refrigerant. Energy 


















   (4-28) 








































      (4-29)  
 The local heat transfer coefficient of LiBr solution at different temperature and 
concentration was experimentally obtained by Rivera. And local heat transfer 
coefficient for water side is calculated using Dittus-Boelter correlation. 
In a well-designed absorber, it is well known that the absorption of gaseous 
water into the solution is possible only when the latter is sub-cooled and that the 
solution, upon leaving the absorber, is still sub-cooled. The degree of sub-cooling in 
relation to the interfacial concentration, X (P, T) can be a measure of the extent of the 
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absorption driving force. In analogy to the relation for heat transfer, the extent of mass 





, ,wve absabs abs abs






    (4-30) 
     
U is treated as overall heat transfer coefficient for the whole absorber. k is adopted the 
following form  
   
, , nabs o absk X T k D X T	        (4-31)  
where exponent “n” usually ranges from 0.2 to 1. For this work “n” is taken to be 0.5 
in this work. The mass diffusivity, D is obtained from the work of Gierow and 
Jernqvist. The mass diffusivity at different temperature is obtained by accounting the 
solution viscosity. Solution viscosity has been obtained by Patterson and Perez-
Blanco. 







	          (4-32) 
Conservation of mass for refrigerant for absorber can be expressed as follow: 






dmX wswswvewsss      (4-33)  
The change of solution flow rate across the absorber element is then 









	        (4-34) 
Conservation of energy for the absorber with n elements can be applied as  
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  (4-35) 
The partial enthalpy of water vwv mH  for both generator and absorber can be 
directly obtained from Claypeyron equation. 
   
   
/
, , , ,
, , wv LiBrv gen abs g
wv wv










where   





























    (4-37)  




273.15 ( ) 273.15 ( )D dp DT A X T B X 	       (4-38) 
where AD is the gradient and BD is the intercept. 
From equation (4-38), the expression for   TTXP  , is obtained as follow; 
























      (4-39)  
dpdTdP  is obtained from the thermodynamics properties routine of Haar whereas for
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      (4-41) 
The local heat transfer coefficient for cooling water is calculated using the Dittus-
Boelter correlation. However, the local heat transfer coefficient for the absorber was 

























f      (4-42)  
Energy balance for cooling water can be expressed as: 
( )( ) ( )f cwo cw abs abs abs cwinv f cwin f cwo
V dT dm U A T TC h T h T







  (4-43) 
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In the present simulation, the condenser heat exchanging tubes are considered 
to be corrugated, with the enhanced surface, inevitably retaining a thin film of 
condensate on the surface. This ensures that the condenser and the generator are 
always maintained at the refrigerant saturated vapour pressure.  The energy balance 
for condenser can be written as: 
 
, ( ) ( )
( )
( ) ( ( ))




cond cond cond cwin wvc
g cond cond
M Cp T M Cp dT dm h T
N dt dt
dm h T P
dt














There will be certainly a thin film of the condensate on the surface of the condenser 
tube banks. In the present formalism, it is assumed that the tube bank is able to hold 
certain amount of condensate, Mref,c(Max) which corresponds to about 1.5~2 mm thick 
of condensate on the tube bank. Beyond this, the condensate would flow into the 
evaporator. Hence, the following conditions are applied to the simulation. 
If M ref,c< Mref,c (Max)    ,γ = 1. If M ref,c =  Mref,c (Max) and dmwvc/dt ≤ 0, γ =0. But if 
M ref,c =  Mref,c and dmwvc/dt > 0, γ =1. Similarly, the energy balance for cooling water 
can be expressed as 
( )( ) ( )cwo cw cond cond cond cwinv f cwin f cwo
dT dm U A T TVC h T h T








 The overall heat transfer coefficient for the condenser can be expressed as  











































      (4-46) 
The local heat transfer coefficient for cooling water is calculated using Dittus-Boelter 
correlation. The local heat transfer coefficient for the condensate can be expressed by 
the Adam’s film condensation correlation. 
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  (4-47) 
Similarly, the energy balance for chilled water can be expressed as  
( ) ( )
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V dT dmC h T h T
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The local heat transfer coefficient for cooling water is calculated using Dittus-Boelter 
correlation.  The heat transfer coefficient of evaporation is calculated using the 
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    (4-50)  
where the coefficients Csf and n are 0.0132 and 0.33, respectively. The exponents m 
and α for low pressure boiling of water up to 2 kPa are 0.293 and -0.0984, 
respectively. Error! Reference source not found. shows the parameters used in the 
resent simulation model. Finally, the hot water to fire the absorption refrigeration 
system can be produced by extraction of waste heat from the exhaust gas stream via 
waste heat extraction heat exchanger, WHR-HE-01 and the conservation of energy for 
hot water side and exhaust gas side can be written as  
( 01)
, ( 01)
01 01 , ,
( ) ( )
( )
hwo WHR hw
f v f f f hw in f hwo WHR
WHR WHR exh in hw in
dT dmC V h T h T
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Table 4-3 Parameters used in the simulation model.  
Generator 
Hot water Flow rate m°hw 0.67 kg /s 
Heat transfer area Agen 3.5 m2 
Generator inlet Xws 57 % 
Solution flow rate m°sol 0.059 kg/s 
Absorber 
Cooling  water Flow rate m°cw 0.6 kg/s 
Heat transfer area Aabs 2 m2 
inlet concentration Xss 63 % 
Solution flow rate m°sol 0.056 kg/s 
Condenser 
Cooling water flow rate m°cw 0.6 kg/s 
Heat transfer area Acond 2 m2 
Evaporator 
Chilled water flow rate m°chiw 0.335 kg/s 
Heat transfer area Aevap 1.7 m2 
 
4.5.2.3 Mathematical Modelling for Adsorption Cooling Cycle 
This section discusses the development of mathematical model of two-bed AD 
cycles for capturing the transient profiles of the key parameters namely (i) 
temperature of beds (ii) uptake and temperature of water.  The model is based on the 
adsorption isotherm, kinetics and energy balance between sorption elements, the 
evaporator and the condenser. The type-RD silica gel is employed as adsorbent. The 
following lump parameter assumptions are made to simplify the model.  
 The temperature is uniform across the adsorbent layer 
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 The adsorption of water vapor by silica gel inside the adsorber beds is 
uniform. 
 Both the adsorbent and the adsorbate gas phases are in equilibrium. 
The uptake of water vapor by silica gel at a given adsorbent temperature and pressure 







































     (4-53) 
where Ko denotes the pre-exponential constant, t is the dimensionless To`th’s 
constant, ΔHads is the heat of adsorption, R is the gas constant and qm is the monolayer 
capacity. The transient uptake of water vapor at a specific temperature, pressure and 
adsorbate i.e., the kinetic of adsorption and desorption, are expressed by the linear 




*dq t K q q t
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	          (4-54) 










	         (4-55) 
here Rp denotes the average radius of a silica gel particle, Ea represents the activation 
energy of surface diffusion and Dso is the kinetic constant  for silica gel and water 
system. It is important that only the thin sections of adsorbent are packed within the 
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fins of the heat exchanger tube so as to realize the effective heat and mass transfer. 
Therefore, the inter-particle mass transfer resistance is negligibly small and modelling 
of adsorption and desorption rate is considered as surface diffusion process. 
In the adsorber and desorber, the temperature of adsorbent, adsorbate and heat 
exchanging materials such as fins, tubes and supporting frames is approximated by a 
representative temperature. During the normal operation, ignoring heat losses, the 
energy balance for the adsorber during its interaction with the evaporator, by applying 
the thermodynamics frame work discussed in Chapter 3, can be expressed   
 
 
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 (4-56) 
The energy balance of coolant inside the adsorber bed can be written as 
 
 
 , , , , , ,
cw cw
f bed i bed i f cw in f cw bed i bed i bed i cw
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 (4-57) 
where δ = 1 for adsorption and δ = 0 for desorption. The initial condition to solve 
above differential equations can be given as Tcw (t=0) =Tcw,in ,Tbed,i (t=0) =Tcw,in 
,qbed,i(t=0) =qinbed,i and Pevap(t=0) =Psat(Tchi,in). 
The energy balance of the desorber bed when it interacts with condenser and heat 
source running through the bed can be expressed as  
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 (4-58) 
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    (4-59) 
Similarly, δ = 1 for adsorption and δ = 0 for desorption. The initial condition to solve 
above differential equations can be given as Thw (t=0) =Thw,in ,Tbed,j (t=0) = Thw,in 
,qbed,j(t=0) =qinbed,j and Pcon (t=0) =Psat (Tcw,in). Qst and Cpa ,the isosteric heat of 
adsorption and specific heat capacity of the adsorbed phase , are calculated using the 
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     (4-61) 
During the switching period, the adsorber bed (i) and the desorber bed (j) are 
isolated from the evaporator and the condenser, respectively and the volume inside 
the reactor beds is considered constant. The beds change their roles and the adsorber 
bed (i) is preheated and the desorber bed (j) is pre cooled. The energy balance of the 
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(4-62) 
   
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It is assumed that the condenser tube bank can hold certain amount of condensate Mref 
(max) and beyond this the condensate would flow into the evaporator via U-tube. This 
ensures that the condenser and the desorber are always maintained the saturation 
pressure of refrigerant. Hence the energy balance for condenser and cooling water 
inside the condenser can be written as 
 
   
   
 
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 (4-65) 
If M ref,c< Mref,c (Max)    ,θ = 1. If M ref,c =  Mref,c (Max) and dqbed,j/dt ≤ 0, θ =0. But if 
M ref,c =  Mref,c and dqbed,j/dt > 0, θ =1. The initial condition for the condenser and the 
cooling medium can be expressed as Tcon (t=0) = Tcwin , Tbed,j (t=0) = Tinheating  and    
M ref,c (t=0) =  Mref,c (Max). The overall heat transfer coefficient for the condenser can 









































      (4-66) 
The local heat transfer coefficient for cooling water is calculated using Dittus-Boelter 
correlation. The local heat transfer coefficient for the condensate can be expressed by 
the Adam’s film condensation correlation. The conservation of energy for the 
evaporator interacting with adsorber bed is expressed as  
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  (4-67) 
The energy balance for chilled water in the evaporator can be written as  
 
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 (4-68) 
where γ = 1 when  the bed interacts with the evaporator and  γ = (1-δ) (1-θ) when the 
bed interacts with  the condenser. The following initial could be applied to the 
evaporator model. Tcon (t=0) = Tcw,in , Tevap (t=0) = Tchi,in, Tbed,j (t=0) =Thw,in , Tbed,i 
(t=0) =Tcw,in , Mref,con (t=0) =Mref,con (max).  
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The local heat transfer coefficient for cooling water is calculated using the Dittus-
Boelter correlation.  The heat transfer coefficient of pool boiling is calculated using 
the modified Rohsenow correlation for sub-atmospheric pressures introduced by Ng 
et.al (2006). 
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    (4-70) 
where the coefficients Csf and n are 0.0132 and 0.33, respectively. The exponents m 
and α for low pressure boiling of water up to 2 kPa are 0.293 and -0.0984, 
respectively.  The cycle average cooling capacity Qevap, heating capacity Qdes and the 
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The parameters and material properties used in the simulation model are furnished in 
Table 4-4. Finally, the hot water to fire the adsorption refrigeration system can be 
produced by extraction of waste heat from the exhaust gas stream via waste heat 
extraction heat exchanger, WHR-HE-02 and the conservation of energy for hot water 
side and exhaust gas side can be written as 
( 02)
, ( 02)
02 02 , ,
( ) ( )
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dT dmC V h T h T
dt dt
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Table 4-4 Parameters used in the simulation. 
Parameter or material properties Values Unit 
Sorption Thermodynamics Properties 
Kinetic constant 2.54 x 10-4 m2/s 
Activation Energy 4.2 x 10-4 J/mole 
Average radius of silica gel particle 1.7 x 10-4 m 
specific heat of silica gel 921 J/kg K 
Adsober bed 
mass of silica gel per bed 39 kg 
Adsorber/ desorber bed heat transfer area 35 m2 
Number of tubes/cake 13 
number of pass per distribution 13 
Overall heat transfer coefficient of adsorber 250 W/m2K 
Overall heat transfer coefficient of desorber 180-330 W/m2K 
Thermal mass of bed including support 284.6 kJ/K 
Condenser 
Condenser heat transfer area 1.2 m2 
Thermal mass of condenser including fins and support 4.4 kJ/K 
Condenser heat transfer coefficient 3046 W/m2 K 
Mass of condensate in the condenser 2.5 kg 
Evaporator 
Evaporator heat transfer area 2.5 m2 
Thermal mass of evaporator including fins and support 18 kJ/K 
Evaporator heat transfer coefficient 1036 W/m2 K 
mass of refrigerant in the evaporator 100 kg 
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4.5.2.4 Mathematical Modelling for Multi-Bed Desiccant Dehumidification Cycle 
This section discusses the development of mathematical model of Multi-bed 
desiccant dehumidification (MBDD)  cycle for capturing the transient profiles of the 
key parameters namely (i) temperature of beds (ii) uptake and temperature of water 
(iii) relative humidity of outlet air stream, (iv) temperature of outlet air stream and (v) 
humidity ratio of outlet air  steam. The type-RD silica gel is employed as adsorbent.  
Likewise to AD cycle, the model uses To’th’s adsorption isotherm and Linear driving 
force (LDF) kinetics and it shall not be repeated in this section. The energy balance 
between sorption elements, the air stream and the cooling/ heating fluid are discussed. 
The following lump parameter assumptions are made to simplify the model.  
 The temperature is uniform across the adsorbent layer 
 The temperature  and relative humidity of air stream across the beds is 
uniform 
 The adsorption of water vapor by silica gel inside the adsorber beds is 
uniform. 
 Both the adsorbent and the adsorbate gas phases are in equilibrium. 
The amount of water vapor adsorbed by the silica gel is given by 
   
, , asg ads ads in out
dMdqM P T x
dt dt
: :	       (4-76) 
The conservation of energy the bed functioning adsorption can be expressed as  
 
   
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The energy balance for the cooling medium interacting with adsorber can be 
expressed as  
 
 
 , , , , ,
cw cw
f v f f f cw in f cw bed i bed i bed i cw in
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where Tcw is the outlet water temperature  of  the adsorber bed, i represents the 
adsorber bed,Ta is the humidified air temperature, Qst and Cpa ,the isosteric heat of 
adsorption and specific heat capacity of the adsorbed phase , are calculated using the 
expression in chapter 3. Similarly, the energy balance for the desorber bed performing 
desorption, the heating fluid and the outgoing air stream can be given as 
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The energy balance for the incoming air stream to the adsorber bed can be obtained as 
follow 
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where Ta’ and RHo’  are the temperature  and relative humidity of the outlet air stream 
during desorption process. ω’ stands for humidity ratio of outlet air stream. In the 
desorption process, some of the dry air is channelled to the desorber bed to enhance 
the performance of desorption. A denotes for the amount of dry air (i.e 5% or 10%)   
to be channelled to the desorber. At the preset cycle time, the adsorber bed and the 
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desorber bed are interchanged to perform the function reversely. The adsorber bed 
previously functions as adsorption is now changed to desorption and likewise to the 
desorber bed. During the switching preheating and pre-cooling of the beds are 
performed for the recovery of residual energy in the beds which are isolated from the 
air stream. The following energy balance equations can be applied during switching 
 
,
, , , , ,
bed j
sg sg HX HX sg bed j a bed j bed j bed j cw in
dT
M Cp M Cp M q Cp U A T T
dt
) *
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 Table 4-5 shows the parameters used in the simulation model. . Finally, the hot water 
to fire the adsorption refrigeration system can be produced by extraction of waste heat 
from the exhaust gas stream via waste heat extraction heat exchanger, WHR-HE-03 
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The mathematical modelling equations of the TCCP cycle are solved using the Gear’s 
Backward Differential Formula Method from IMSL library linked to the simulation 
code written in FORTRAN power station, and the solver employs a double precision 
with the tolerance value of 1x10-6 using the input parameters furnished in Table 4-3, 
Table 4-4 and Table 4-5. 
Table 4-5 Design specifications of dehumidifier used in above simulation model. 
Desiccant dehumidifier design and dimension 
Air flow capacity 700 CMH 
Air flow capacity 0.22 kg/s 
silica gel required 12.68 kg in each bed 
moisture removed per cycle 0.95 kg/cycle 
Laten load removed 7.68 kW 
Heat input required 16.95 kW 
Cooling water flow rate 0.81 kg/s 
hot water flow rate 0.81 kg/s 
Dimension of cakes 
Height of cake 25.4 mm 
Total Surface are of cakes 0.85 m2 
number of cake in each bed 2 
Area of each cake 0.42 m2 
length of cake 0.60 m 
width of cake 0.70 m 
Cakes design 
Outside diameter of tube 9.53 mm 
thickness of tube 1.00m mm 
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Copper tube inner diameter 7.53 mm 
pitch of tubes 25.4 mm 
clearance on each side 12.7 mm 
no of tubes 20 
fin height 25.4 mm 
fin thickness 0.15 mm 
fin length 600 mm 
fin  (8fins/in) 8 
Fin pitch 3 mm 
no of fins  199 
 distribution in each cake 5 
No of tube in one pass 5 
 
4.5.3 Mathematical Modelling for Entropy Generation 
This section focuses on the entropy generation analysis of the waste heat 
activated components discussed in previous section. Despite the basic physics of heat 
and mass transfer in various components of TCCP system is well understood and 
discussed in previous section, there exists a gap in the quantification of irreversibility. 
A detailed mechanism and component entropy generation provides the designer with 
a tool to improve TCCP system efficiency. The objective of this section is to gain in 
depth understanding of its bottlenecks through a transient entropy generation analysis. 
Specifically, the present study aspires to identify (i) all major sources of dissipation 
and their relative magnitude during transient and steady state operations; (ii) 
investigate and quantify their effects on the system inefficiency. 
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4.5.3.1 Mathematical Modelling for Entropy Generation of Steam Generation Cycle 
This section focuses on the entropy generation analysis for one of the main 
components in TCCP system so called steam generation cycle. The mathematical 
modelling for the steam generation cycle was discussed in one of the previous 
sections. The global entropy generation of the evaporator, ignoring heat loss to 
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The first term in Equation (4-95) denotes the entropy generation due to super 
heating of colder condensate, the second term represents that the entropy generation 
due to exhaust gas stream flowing into the evaporator; lastly the third term is the 
entropy generation due to heat transfer from the exhaust gas stream to the evaporator.  
The global entropy generation of the super heater, ignoring heat loss to ambient, 
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The first term in Equation (4-96) denotes the entropy generation due to super 
heating of saturated steam, the second term represents that the entropy generation due 
to exhaust gas stream flowing into the super heater; lastly the third term is the entropy 
generation due to heat transfer from the exhaust gas stream to the super heater. 
Similarly, the global entropy generation of the super heater, ignoring heat loss to 
ambient, during its interaction with cooling medium can be expressed as  
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The first term in Equation (4-97) denotes the entropy generation due to de-
superheating of super heated steam, the second term represents that the entropy 
generation due to cooling medium oil flowing into condenser; the third term is the 
entropy generation due to heat transfer from the condensate to the oil stream, and 
finally the entropy generation describes that due to flushing the oil out of the heat 
exchanger coil. 
4.5.3.2 Mathematical Modelling for Entropy Generation of Absorption Cooling 
Cycle 
The entropy generation analysis determines the amount of dissipation in a 
specific heat and mass transfer process within the thermodynamic cycle. All real 
processes are irreversible due mainly to the presence of entropy generation via 
friction, heat transfer and mass transfer. Unlike energy, entropy generation is a tool to 
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capture the system dissipation or lost work. The equations for the entropy generation 
of each component in the absorption refrigeration system are discussed in this section. 
The global entropy generation of the absorber in communication with evaporator 
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For simplicity, the first term here can be denoted as s dilQgen , the second termsgensup , the 
third term sQgen , the fourth term sgen  and finally s flowgen . The global entropy generation 
of the generator interacting with the condenser and its heating fluid can be written as  
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The chemical potential of the solution (carrier fluid and refrigerant) is expressed as: 
 
*2 LiBrrefLiBrrefLiBr TKmLnRT 9 	      (4-100) 
where K  = -192.2kJ/kmol K, γ is the mean molar activity coefficient and m is the 
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For the solution at other temperatures, the reduced activity coefficient is 
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The global entropy generation of the condenser and its interaction with the generator 
and the evaporator can be written as 
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Whereas for the evaporator, its global entropy generation is a sum total of internal 
entropy generation due to desuperheating of warm condensate, desuperheating of the 
generated vapor from the generator, heat transfer between the  evaporator and the 
chilled water, as well as the external entropy generation due to flushing by the chilled 




( ) ( )
( )
1 1
Entropy generation due to de erheating of warm condensate
gen
evap f cond f evap wvc




























( ) ( , )
nerationduetoheat transfer
Entropy generationduetoevaporation
g evap abs f evap wve
f evap g evap abs
evap
chiw
f chiwin f chi o
chi
h P T h T dms T s P T
T dt











   
 , ,
Entropy generationdueto flow
f chi in f chi o
o
s T s T 
 (4-104) 
where the entropy generation of every component in the absorption cycle is  
initially set at zero. The total global entropy generation for the absorption system is a 
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sum of global entropy generation of each of the components and it can be expressed 
as  
T gen abs evap con
gen gen gen gen gendS dS dS dS dS
dt dt dt dt dt
	         (4-105) 
4.5.3.3 Mathematical Modelling for Entropy Generation of Adsorption Cooling 
Cycle 
 In the current chiller model, the rate of adsorption and desorption is governed 
by the linear driving force kinetic equation embodied by Equation (4-54). The rate of 
change of refrigerant in the evaporator for a two bed adsorption refrigeration system 
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In the present model, the effect of the mass of refrigerant in the gas phase has been 
ignored. Since the fins of the heat exchanging tube are relatively small, typically in 
the order of 25.4 mm height, the temperature of adsorbent, adsorbate and the heat 
exchanging material can be well approximated by an average temperature. The global 
entropy generation of bed, ignoring heat losses, during its interaction with the 
evaporator can be written as a sum of the various entropy generations in the bed 
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The first term on the right-hand side of Equation (4-107) represents the entropy 
generation due to mass transfer; the second term represents that due to heat transfer 
with the coolant; the third term corresponds to that due to superheating of incoming 
refrigerant; and finally the last term, or the external entropy generation, accounts for 
the irreversibility due to flushing of coolant out of the heat exchanger tube. The 
existence of external flushing irreversibility is atypical to the sorption system and is a 
direct consequence of its batch-wise operation. It has been assumed that the time scale 
for superheating of vapour is much shorter than that for adsorption or desorption, 
depending on the condition dictated by the kinetic equation. During the starting phase 
of the chiller, ,bed igenS (t=0) = 0, Tbedi (t=0) = Tcw,i n, Tevap (t=0) = Tchiw,in. In order for the 
initial state to be completely and thermodynamically defined, we assign qbed,i (t=0)= 
q*(Pevap,Tbed,i). Depending on whether the bed adsorbs or desorbs refrigerant, δ would 
either be 1 or 0. The global entropy generation of the bed which is interacting with the 
condenser, ignoring heat loss to the ambient is the sum of the internal entropy 
generation due to mass transfer, heat transfer between the bed and the water in the 
heat exchanger tube and external entropy generation due to flushing by the heat 
source. It can be expressed as 
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where ,bed jgenS (t=0) = 0, Tbed,j (t=0) = Thw,in,Tcon(t=0) = Tcw,in, In order for the 
initial state to be completely and thermodynamically defined, we assign qbed,j (t=0)= 
q*(Pcon,Tbed,j). In the current consideration, the condenser is assumed to be retaining a 
negligible amount of refrigerant. However, since the condenser heat exchanging tubes 
have been chosen to be corrugated by the manufacturer, they will inevitably retain a 
thin film of condensate on the surface. This will ensure that the condenser is always 




the value of θ switches from 1 to 0 resulting , 0bed j
dq
dt
	  i.e., no condensate will be 
induced o be evaporated. The global entropy generation for the evaporator is the sum 
total of internal entropy generation due to de-superheating of warm condensate, 
transient de-superheating of desorbed vapour from the adsorber, heat transfer between 
the bed and water in the heat exchanger tube and external entropy generation due to 
flushing by the chilled water. It can accordingly be expressed as 
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where evapgenS (t=0) = 0, Tevap(t=0) =Tchi,in, Tcon (t=0) = Tcw,in and Tbed,i (t=0) =Tcw,in. 
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where congenS (t=0) = 0, Tcon (t=0) = Tcw,in and Tbed,j (t=0) =Thw,in.  During the constant 
volume (where the adsorber and the desorber are isolated from the evaporator and the 
condenser, respectively) switching operation, the entropy generation of the bed in 
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where bed,m = bed,j or bed,i. It is noted that the introduction of the kinetic equation 
and the associated irreversibility are indispensable. By taking into account the effects 
of pressure, temperature and the difference in concentration, it describes the rate at 
which the system relaxes towards chemical equilibrium. Pons (1996) makes a similar 
analysis for the beds, whereas we take one step further by considering all significant 
entropy generations in the various components, plus the effects of concentration, or 
chemical potential difference. The current formalism makes use of the 
thermodynamic property routines of Haar (1984). The cycle average global entropy 
generation for the AD system is a sum of global entropy generation of each of the 
components and it can be expressed as  
0
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where 
, ,T bed i bed j evap con
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dt dt dt dt dt
	    . 
4.5.3.4 Mathematical Modelling for Entropy Generation of Multi-bed Desiccant 
Dehumidification Cycle 
Like wise to the AD system, the desiccant dehumidification system applied the 
same isotherm and kinetics equation for its adsorption and desorption performance.  
The global entropy generation for the adsorber bed which is in communication with 
the incoming humid air can be expressed as  
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The first term of Equation (4-113) represents the entropy generation due to 
mass transfer; the second term and the third term denote the entropy generation due to 
heat transfer with coolant and the incoming air stream; lastly the fourth term is the 
entropy generation due to flushing of cooling out of the heat exchanger coil.  
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 Similarly, preheating and pre-cooling of adsorber and desorber bed is performed 
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where bed,m = bed,j or bed,i. The total entropy generation is the sum of the global 
entropy generation and it can be written as  
0







       (4-116) 
where 
, ,T bed i bed j
gen gen gendS dS dS
dt dt dt
	  . 
The above mentioned set of coupled equation is solved by the fifth order 
Gear’s Backward Differentiation Formulae method found in the DIVPAG subroutine 
of the IMSL library subroutines. Double precision has been used and the tolerance is 
set to 1 x 10-6.   
4.5.4 Simulation Results 
 The predicted performance and entropy generation of main components, 
discussed in previous sections, of TCCP system are presented in this section. The 
energy balance equations of the major components such as the adsorber/desorber bed, 
the condenser and the evaporator, the generator and the absorber are solved 
numerically. The computed values of the key system’s variables are constantly 
updated by numerical integration with time. The calculation procedures commenced 
with the initialization of variables, the system geometries, the absorption 
characteristics of LiBr (Li-Br) solution and the adsorption characteristics of 
adsorbent-adsorbate systems. A series of subroutines are used to calculate the 
adsorption isotherms and kinetics. It is emphasized that the coupled ordinary 
differential equations for energy and mass balances are solved by an iterative scheme, 
employing the fifth order Gear’s Differentiation Formulae (GDF) method found in the 
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DIVPAG subroutine of the IMSL Fortran Developer Studio software. Double 
precision has been used, and the tolerance set to 1 10-6. The adsorption cycle and 
the dehumidification cycle are operated in a batch manner, and thus only the initial 
conditions are specified in the problem, and the total system is allowed to operate 
from transient to cyclic steady state conditions. As the cycles are operated in a 
batched manner, i.e., streams of hot and cold coolant flows are being alternated 
between beds at the end of each cycle period, the computer code adopts a special 
tracking “pointer” or passing-variable routine to sequence the computed variables or 
data from one cycle to another. The transient temperature of the evaporator, the super 
heater and the steam generation for the steam generation cycle are illustrated in 
Figure 4-18. It is found from Figure 4-18 that the sensible heating of thermal mass of 
the evaporator and the super heater is occurred in first a few hundreds of operation 
and there is no steam generation since heating of pressurized water is found until its 
boiling point. After 300s of operation, pressurized water reaches it boiling 
temperature and the saturated steam is produced from the evaporator. The generated 
saturated steam is sent to the super heater to heat up unit it reaches to design degree of 
super heat. The super heated steam production is found to be about 0.0438 kg/s or 
15.8 kg/hr. The transient profile of the entropy generation of the super heater, the 
evaporator and the system entropy generation, which is the sum of component entropy 
generation, is shown in Figure 4-19. The transient entropy generation in the super 
heater is significantly higher compare with that of evaporator during initial cold state 
of the system. The reason is that the hotter exhaust gas stream emanating from micro-
turbine is communicating with the super heater during the initial cold state start up of 
the operation resulting the higher dissipation. However, it is drastically dropped once 
steady state operation of the steam generation cycle is reached. Since the capacity of 
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super heater is small compared with that of evaporator, it is observed that the steady 
state entropy generation of evaporator is dominant the system entropy generation. 
Figure 4-20 shows the steam generation rate and super heat temperature of the steam 
at assorted exhaust gas inlet temperature.  It is observed that both of the steam 
generation and the super heat temperature of the steam increase with increase in 
exhaust gas inlet temperature. Steady state specific entropy generation and heat source 
supplied to the steam generation cycle is presented in Figure 4-21.  It is indicated that 
the specific entropy generation decreases with the increase in the heat source 
temperature until it reaches to the heat source temperature of 280°C where the 
specific entropy generation is minimal. However, the specific entropy generation 
increases beyond the optimal heat source temperature due to the reason that higher 
heat source contributes the higher dissipation of the steam generation cycle. In this 
context, one of the important parameters namely heat source temperature is varied to 
optimize the steam generation cycle. Nevertheless, the system could be further 
optimized by simulating the other parameters such as heat transfer area, flow rate of 
feed water and flow rate of exhaust gas and will be discussed in next section. The 
exhaust gas emanating from the steam generation cycle, at a temperature of 240°C, is 
then channelled to the waste heat extraction heat exchanger WHR-HE-01 coupled 
with the absorption cycle to produce the hot water to fire to the absorption cycle. 
Figure 4-22  shows temporal profiles of the exhaust gas inlet, outlet temperature and 
hot water inlet and outlet temperature. The transient profiles of outlet water 
temperature for the absorber and the generator are illustrated in Figure 4-23. The 
transient response of chilled water and cooling water in the evaporator and the 
condenser are given in Figure 4-24. 




Figure 4-18 Temperature profiles of main components and steam generation rate in 
the steam generation cycle at exhaust gas temperature of 285°C. 
 
Figure 4-19 The transient  entropy generation and total entropy generation of the 
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Figure 4-20 Steam generation rate and super heat steam temperature at assorted 
exhaust gas inlet temperatures 
 
Figure 4-21 The generated steam in the superheater and its specific entropy 
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Figure 4-22 Temperature profiles of inlet and outlet exhaust gas stream and inlet and 
outlet hot water temperature of WHR-HE-01 in the Absorption Cycle. 
 
Figure 4-23 Hot water outlet temperature and cooling water outlet temperature from 
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Figure 4-24 Transient temperature profiles of chilled water outlet and cooling water 
outlet temperatures of the evaporator and the condenser. 
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Figure 4-26 Temperature profiles of the evaporator bed and the condenser bed. 
 It is indicated from Figure 4-23 and Figure 4-24 that thermal mass heating or 
sensible heating of the generator, the condenser, the evaporator and the absorber are 
found during the cold start up of the cycle. The transient temperature of the 
evaporator bed and the condenser bed as well as the generator and the absorber bed 
are shown in Figure 4-25 and Figure 4-26, respectively. The transient concentration 
profiles of the Li-Br solution in the absorber and the generator are presented in Figure 
4-27. The ranges of concentration in the absorber and the generator are found to be 
ranging from 58 % to 63 %.  Figure 4-28 shows the transient behaviour of cooling 
capacity, heat source and the coefficient of performance (COP) of the absorption 
cycle. The steady state cooling capacity and heat source are found to be at 6.8 kW and 
12 kW, respectively while Cop is about 0.55. In this model, the cooling water inlet 
and the chilled water inlet are set to be at 30±0.5°C and 12±0.5°C, respectively while 
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entropy generation of each of the main components at heat source temperature of 
89±01°C and the corresponding outlet exhaust gas temperature of 243±1°C from 
steam generation cycle are illustrated in Figure 4-29. It is found out that the 
maximum contribution of entropy generation by the generator is occurred among all 
other components. Evaporator is the second contributor for the entropy generation. 
Figure 4-29 highlights that the heat sources, evaporator and generator in absorption 
cycle, contribute 44.4% and 32.6%, respectively when steady is reached. It is noticed 
that entropy generation is mostly contributed by the boiling process in which internal 
dissipation of the component significantly contribute the total system entropy 
generation. The total entropy generation, cooling load and the heat supplied to the 
absorption cycle at assorted heat source temperature is shown in Figure 4-30. It is 
noticed that the total entropy generation and the heat supplied to the cycle increase 
with increase in heat source temperature as well as the cooling load until the heat 
source temperature of 90°C. 




Figure 4-27 Transient concentration profiles of Li-Br solution in the generator and 
the absorber. 
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Figure 4-29 Transient profiles of entropy generation for the absorber, the generator, 
the evaporator and the condenser. 
 
Figure 4-30 The effect of inlet hot water temperature on the variation of total 
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However, cooling load gradually decreases beyond 90°C due to the higher internal 
dissipation in the generator and the evaporator resulting in deficiency in cooling 
capacity.  This is because the increases in internal dissipation results decrease the 
refrigerant flow rate to condenser resulting in declined cooling load at the evaporator. 
To make a comparison at assorted heat source temperature for the different chiller 
capacity, specific entropy generation is introduced to analyse the effect of heat source 
on the performance of the absorption refrigeration system.  Figure 4-31 shows the 
specific entropy, heat input and cooling capacity of the absorption cycle. It is 
observed from Figure 4-31 that the minimum specific entropy generation is found at 
a heat source temperature of 90°C at which maximum cooling capacity (COP) of 
system is achieved.   
 
Figure 4-31 The variation of Specific entropy generation, heat input and cooling 
capacity of the absorption cycle to locate the cooling maxima and the minima of specific 
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The outlet exhaust gas stream, at a temperature about 210±2°C, is diverted to WHR-
HE-02 coupled with the adsorption cooling cycle to produce the hot water to fire to 
the AD cycle which operates in a batch manner. Figure 4-32 shows time temperature 
history of the inlet, outlet of exhaust gas stream and hot water in WHR-HE-02. 
Applying the mathematical model of main components in the AD cycle, numerical 
simulation is performed to capture the temperature, uptake and the performance of the 
AD cycle. Temperature profiles of major components in the AD cycle are shown in 
Figure 4-33. The total mass of adsorbent has been fixed at 78 kg and the half cycle 
time is fixed at 600s while switching time is 40s. It is observed that the cyclic steady 
state reaches within 4 cycles of operation.  
 
 
Figure 4-32 Temperature profile of inlet and outlet of exhaust gas stream and hot 
water from WHR-HE-02. 
Figure 4-32 illustrates the temporal temperature profiles of inlet hot water and outlet 
heat transfer fluid. The cycle average outlet coolant temperature for adsorber is 3.5 to 
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hot water between inlet and outlet is  obtained about 5° C and that of chilled water is 
about 5° C while cooling capacity is obtained 6.9 kW.  Figure 4-35 shows the 
predicted pressure profiles for the major components in the AD cycle. The cyclic 
steady entropy generation of major components in AD cycle is presented in Figure 
4-36.  It is indicated that the cycle average contribution of entropy generation of 
desorber and the adsorber is the highest followed by the evaporator whilst the 
condenser contributes least entropy generation. However, it is found out that the 
entropy generation from adsorber and desorber is the highest during switching in 
which thermal swing process is occurred.  Figure 4-37 shows the total entropy 
generation, which is a sum of cycle average entropy generation of each of the major 
component in AD cycle, at assorted hot water inlet temperature while chilled water 
inlet temperature and cooling water inlet temperature are fixed at 12°C and 30°C, 
respectively. It is noted that the system entropy generation increases with increase in 
heat source temperature while cooling capacity increases until heat source 
temperature of 85°C. Total entropy generation increases at higher activation 
temperature due to firstly thermal swing during switching and the internal dissipation 
during switching and operation of AD cycle. However, the total entropy generation is 
linearly proportional to the plant capacity. Thus, one could introduce a parameter, 
namely specific entropy generation which is the ratio of total entropy generation and 
the cooling capacity, to compare the different capacity of the plant. The specific 
entropy generation and COP of AD cycle are presented in Figure 4-38. It is observed 
that that the minimum specific entropy generation is found at a  cycle average heat 
source temperature of 82°C at which maximum COP of system is achieved. Thus, 
entropy generation analysis using specific entropy generation is applicable to any 
capacity of plant to obtain the optimal activation temperature. The outlet exhaust gas 
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stream, at a temperature about 180±2°C, is channelled to WHR-HE-03, coupled with 
the desiccant dehumidification cycle, to produce the hot water to fire to the MBDD 
cycle which operates in a batch manner. Figure 4-39 shows the inlet and outlet 
temperatures of exhaust gas stream and hot water in WHR-HE-03. Applying the 
mathematical model of adsorber and desorber in the MBDD cycle, numerical 
simulation is performed to capture the temperature, humidity ratio and relative 
humidity of outlet air stream.  Temperature profiles of adsorber and desorber beds in 
the MBDD cycle are shown in Figure 4-40. The total mass of adsorbent has been 
fixed at 20 kg for the corresponding air flow capacity of 750 CMH and the half cycle 
time is fixed at 500s while switching time is 40s.  The adsorber bed and the desorber 
bed are designed to create the laminar flow with a set velocity of 0.25 m/s. It is 
observed that the cyclic steady state reaches within 4 cycles of MBDD operation. The 
inlet and outlet temperature profiles of hot water along with cooling water outlet 
temperature profile for MBDD cycle are illustrated in Figure 4-41. In this context, the 
ambient conditions are fixed at the maximum humid condition (32°C and 95% RH) 
for Singapore.  Owing to exothermic nature of adsorption process; the sensible heat is 
induced to the outlet air stream resulting an average temperature increases by 2 to 
3°C. Thus, a cooling coil is equipped is installed to cancel the sensible heat induced 
by adsorption process.  Figure 4-42 shows the temporal history of outlet air stream 
before cooling coil and after cooling coil. It is indicated in Figure 4-42 that the 
considerable amount of sensible heat is induced during hot to cold switching. The 
residual energy in the adsorbent provides the sensible heat to the outgoing air stream. 
The temperature of outlet air stream could rise up to 36°C without further cooling. 
Nevertheless, a cooling coil is employed to reduce the sensible heat (temperature) of 
outlet air stream before it is sent to AHUs. Inlet humidity ratio, outlet humidity ratio 
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and cycle average outlet humidity ratio are illustrated in Figure 4-43. It is observed 
that cycle average outlet humidity ratio is about 16 g/kg DA while cycle average 
moisture removal by MBDD unit is 12.5 g/kg DA. Thus, the MBDD cycle could 
remove 40 % of moisture containing in the ambient air resulting reduction in AHUs 
load. Entropy generation analysis for the adsorber bed and desorber bed are also 
simulated for MBDD cycle. The predicted entropy generation profiles for the adsorber 
bed and the desorber bed are shown in Figure 4-44. It is observed that the highest 
entropy generation in the adsorber bed and the desorber is occurred during thermal 
swing period. Entropy generation for the beds as well as cycle average moisture 
removal are further performed with assorted system activation temperature (hot water 
inlet temperature) and is shown in Figure 4-45. The predicted entropy generation 
results show that entropy generation linearly increases with increase in activation 
temperature whilst cycle average moisture removal follows parabolic in nature. 
However, entropy generation of a system increases with increase in plant capacity. 
Thus, one could introduce a parameter, namely specific entropy generation which is 
the ratio of total entropy generation of MBDD cycle and moisture removal per cycle 
of operation, to compare the different capacity of the plant. The specific entropy 
generation and COP of MBDD cycle are presented in Figure 4-46. It is observed that 
that the minimum specific entropy generation is found at a  cycle average heat source 
temperature of 73°C at which maximum cooling capacity (COP) of system is 
achieved. Thus, entropy generation analysis using specific entropy generation is 
applicable to any capacity of plant to obtain the optimal activation temperature. Table 
4-6 summarizes the optimal activation temperature for each of the waste heat 
activated components and the useful energy. Performance analysis of major 
components in TCCP system is performed using mathematical model presented in 
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previous section. Performance analysis and entropy generation analysis of major 
components in TCCP system show that maximum COP is achieved while specific 
entropy generation is minimal.  Optimization of each of major component through 
specific entropy generation to obtain the optimal firing temperature for the host of 
thermally activated components in TCCP.  
 





























Figure 4-34 The batched operated AD cycle’s performance and the temporal Profiles 
of Outlet heat transfer fluid and inlet hot water and cyclic steady condition is achieved 
after 4th cycle of operation. 
 
Figure 4-35 Pressure profiles of major components in AD cycle and cyclic steady 
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Figure 4-36 Cyclic steady entropy generation of major components in AD cycle. 
 
Figure 4-37 The effect of inlet hot water temperature temperature on the variation of 
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Figure 4-38 Specific entropy generation and COP of AD cycle at assorted hot water 
inlet temperatures showing optimal COP and minimum specific entropy generation. 
 
 
Figure 4-39 Temperature time history of inlet and outlet of exhaust gas stream and 

























Hot water temperature (°C)
Sgen COP
Minimum specific entropy generation 




















Exhaust gas inlet WHR-HE-03 Exhaust gas outlet WHR-HE-03
Hot water inlet WHR-HE-03 Hot water outlet WHR-HE-03
Exhaust gas inlet 
Exhaust gas outlet 
hot water inlet
hot water outlet




Figure 4-40 Temporal history of adsorber bed and desorber bed in MBDD cycle and 
cyclic steady state is achieved after 4th cycle of operation. 
 
Figure 4-41 Temperature profiles of inlet and outlet of heat transfer fluids in MBDD 
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Figure 4-42 Temperature profiles of outlet air stream with cooling coil and without 
cooling coil at the outlet of MBDD cycle. 
 
 
Figure 4-43 Cyclic steady profiles of Humidity ratio of inlet, outlet air stream and 
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Figure 4-44 Predicted entropy generation profiles for the adsorber bed and desorber 
bed in MBDD cycle. 
 
Figure 4-45 The cycle average data of entropy generation in adsorber, desorber, total 
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Figure 4-46 Specific entropy generation and COP of MBDD cycle to locate maximum 
COP and minimum specific entropy generation. 
Table 4-6 Waste heat activated devices, its optimal activation temperatures and 
  corresponding useful energy. 





Optimal hot water inlet 




Steam generator 285 NA 12.9 
Absorption chiller NA 90 6.76 
Adsorption chiller NA 82 6.98 
Desiccant Dehumidifier NA 77 6.65 
 
4.6 THE OVERALL PERFORMANCE OF TCCP PLANT 
The overall performance of the TCCP plant is presented in the section. The 
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for the TCCP plant. The micro-turbine is operated in both part load and full load.  
Since the micro-turbine is the load following machine, fuel supplied to the system is 
significantly different between part load and full load operation. The detail of the 
operating ranges and its power output is furnished in Table 4-7. Natural gas, which is 
quite clean and efficient, is used to fire the micro-turbine.  As shown in Table 4-7, the 
exhaust emanating from micro-turbine could be as high as 300°C. Such a moderate 
grade waste heat is utilised to produce the super heated steam at a pressure of 10 bars 
and temperature of 250°C. The waste energy is recovered in a manner of cascading 
the host of heat recovery compact heat exchangers before it is sent to the ambient. It 
has to be noticed that the exhaust gas temperature releasing to ambient should not fall 
below 90°C since the condensation of sulphur and come toxic gas would be occurred. 
In this system, the exhaust gas releasing to ambient is maintained between 95°C to 
110°C. The exhaust gas emanating from steam generator is then channelled to the 
heat recovery heat exchangers which are connected in series manner to extract energy 
from waste heat. The overall experiment is conducted at assorted exhaust gas 
temperature and investigates the performance of the TCCP system. Some important 
parameters namely (i) Energy Utilisation Factor (EUF) and Fuel Energy saving Ratio 
(FESR) are introduced to carry out the analysis.  
Table 4-8  shows the optimal firing temperature of each of the waste heat 
activated devices. It is found that the optimal exhaust gas temperature for activating 
the steam generator is found to be 280°C whilst the optimal hot water inlet 
temperature of the absorption chiller, the adsorption chiller and the desiccant 
dehumidifier are observed at 90°C, 80°C and 75°C, respectively. The electricity 
generated from micro-turbine at both full load and part load is illustrated in Figure 
4-47.  
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temperature   
(°C) 
Electricity 
output   
(kW) 
  3.0075 217 6 
4.283 246 12.7 
5.579 277 21.5 
6.007 285 23.5 
6.6 300 24.5 
 
Table 4-8 The waste heat fired devices and its optimal operating heat source  
  temperatures 












Steam generator 285 NA 12.9 
Absorption chiller NA 90 6.76 
Adsorption chiller NA 82 6.98 
Desiccant Dehumidifier NA 77 6.65 
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Figure 4-48 The performance of TCCP plant at assorted exhaust gas temperature. 
 
The lowest exhaust gas temperature at lowest part load is found to be at 217°C 
whilst the full load operation of micro-turbine could result the exhaust gas outlet 
temperatures as high as 300°C. Thus, the performance investigation TCCP plant is 
carried out at assorted exhaust gas temperature ranging from 217 to 300°C   and 
presented in Figure 4-48.  It is observed that optimal EUF and FESR is found to be at 
the exhaust gas temperature of 285°C and EUF attained  as high as 67% while optimal 
FESR achieved is  27%. The overall system entropy generation analysis is also 
conducted as assorted exhaust gas temperature.  The entropy generation of the TCCP 
plant at both part load and full load operation of micro-turbine is presented in Figure 
4-49. It is found that the maximum EUF is found where the system entropy generation 
is minimal and the specific entropy generation analysis can locate the range of 
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Figure 4-49 Energy utilisation factor and specific entropy generation of overall 
TCCP system at assorted exhaust gas temperatures and the region of operation to 
achieve the optimal performance of the TCCP plant. 
 
Figure 4-50 Fuel energy saving ratio and entropy generation of overall TCCP system 
at assorted exhaust gas temperatures showing  the optimal FESR is achieved at 
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The entropy generation and the FESR for different exhaust gas temperature 
are plotted as shown in Figure 4-50. The concept of minimization of entropy 
generation also leads to maximization of the EUF and FESR.  
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Chapter 5   The Performance Investigation and Entropy 
Generation of A Temperature Cascaded Co-generation 
Plant   
5.1 SUMMARY OF CHAPTER 5 
Performance analysis and entropy generation analysis of TCCP plant 
comprises, namely (i) a steam generation cycle, (ii) an absorption cooling cycle, (iii) 
an adsorption cooling cycle and (iv)  a multi-bed desiccant dehumidification cycle is 
experimentally investigated and validated with the predicted results. It is found that 
the predicted data are in good agreement with experimental results.  It is observed that 
the system total entropy generation, which is an accumulation of entropy generation 
of each of major component, is linearly increasing with increase in heat source. Thus, 
specific entropy generation of the system is introduced to investigate the sensitivity of 
heat source inlet temperature. Optimization of each of major component through 
specific entropy generation analysis is presented to obtain the optimal activation 
temperature for the host of thermally activated components in TCCP. It is observed 
that the optimal activation temperature of exhaust gas temperature for steam 
generation cycle is 285°C whilst the optimal hot water temperature for the absorption 
cycle, the adsorption cycle and the multi-bed desiccant dehumidification system are 
89°C, 82°C and 77°C, respectively. The overall efficiency or energy utilization factor 
of TCCP plant is achieved as high as 72% while fuel energy saving ratio is found to 
be about 29%. With these advantages, optimization of  the TCCP system using 
genetic algoritms (GA), which is to locate the global minima rather than local minima 
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and uses multi parameters, such as the heat transfer area and heat transfer fluid flow 
rate to be optimized, will be discussed in Chapter 6. 
5.2 INTRODUCTION 
In this chapter, uncertainty analysis of the apparatus is presented in Section 5.2 
followed by the discussion on the experimental apparatus which is designed by the 
author. In Section 5.4, the experimental performance investigation and the entropy 
generation analysis of the each of waste heat activated component in TCCP system is 
discussed. The validation of predicted results with experiments is presented in the 
Section 5.5. 
5.3 UNCERTAINTY ANALYSIS 
In this section, the general uncertainty analysis technique is described (Coleman, 
1999). Considering a general case in which an experimental result, J is a function of k 
measured variables X as 
 1 2, ,..., kJ J X X X	         (5-1) 
Equation (5-1) is the data reduction equation used for determining J from the 
measured values of the variable X. The uncertainty of the result is then given by 
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    (5-2) 
where the Ux are the uncertainties in the measured variable X. It is assumed that the 
relationship given by Equation (5-2) is continuous and has continuous derivatives in 
the domain of interest, that the measured variables X are independent of one another, 
Chapter 5: The Experimental investigation on the performance and entropy generation of A 
Temperature Cascaded Co-generation Plant. 
148 
 
and that the uncertainties in the measurable are independent of one another.  If the 
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        (5-4) 
Then by dividing each term in Equation (5-2) by J2, and multiplying each term on the 
right hand side of Equation (5-2) by (Xi/Xi)2, which is equal to 1, the following is  
obtained 
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    (5-5) 
where UJ/J is the relative uncertainty of the result. The factors Ux/X are the relative 
uncertainties for each variable. In general, the uncertainties will be numbers less than 
1. The factors in the parentheses that multiply the relative uncertainties of the variable 








        (5-6) 
 The UMF for a given Xi indicates the influence of the uncertainty in that 
variable on the uncertainty in the result. A UMF value greater than 1 indicates that the 
influence of the uncertainty in the variable is magnified as it propagates through the 
data reduction into the result, and vice versa.  
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5.4 THE PERFORMANCE INVESTIGATION OF A TEMPERATURE 
CASCADED CO-GENERATION PLANT 
 This section describes the details of each of the devices contained in the TCCP 
system. The configuration and the arrangement of the waste heat devices were 
discussed in chapter 4.  The layout of TCCP plant is illustrated in Figure 5-1. The 
TCCP facility comprises a C30 Capstone micro-turbine, a host of waste heat 
extraction heat exchangers connected in series, a host of waste heat fired devices; 
namely (i) steam generator, (ii) an absorption chiller, (iii) an adsorption chiller and 
(iv) a multi-bed desiccant dehumidifier, and a cluster of plate heat exchanger utilised 
for heat rejection from sorption chillers and the dehumidifier. Capstone C-30 micro-
turbine was run at under part load as well as full load conditions and it is illustrated in. 
The exhaust gas emanating from micro-turbine was channelled to the waste heat 
recovery heat exchangers as shown in Figure 5-1. All the key parameters such as 
temperature, pressure and the flow rates were measured. Temperature measurements 
were achieved using 10 kΩ thermistors with a 5 s time constant (±0.15 °C). The flow 
rates of the heat transfer fluids were monitored using electromagnetic flow meters 
(±0.5% of reading) while the flow rate of steam is measured using rosemount 8800 
vortex flow meter with the accuracy of 0.4% of the reading. The absolute pressure 
sensors that are used have an accuracy ±0.125 kPa (Gems).  The high accuracy 
relative humidifty sensor (EE 23 and TH 200) with ± 0.5 % of the readings is used in 
the project to measure the relative humidity of dehumidified air. It was estimated that 
the accuracy of  steady state and cycle averaged cooling capacity measurements was 
±3.5%, COP measurements is ±3.8%, and heat input measurements is ±2.7%. The 
above mentioned key parameters were stored using Agilent data acquisition system. 
The operational conditions of the waste heat activated devices are furnished in Table 
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5-1. The transient exhaust gas temperature of the micro-turbine at different load 
setting is presented in Figure 5-2. It is observed that the minimum exhaust gas 
temperature is as low as 217 °C while the micro-turbine was being run at lowest load. 
The fuel consumption of micro-turbine and amount of electricity generated is shown 
in Figure 5-3. It is found out that the fuel consumption is linearly increasing with 
increased in load. 
Table 5-1 The operational conditions of heat transfer fluids and the corresponding 















Exhaust gas 0.34 (285) 0.34 (285) NA NA NA 




NA NA 4800 (29) 2520 (29) NA 




NA NA NA 2520 (29) 2520 (29) 
Super heat 
steam NA 16 ( 250) NA NA NA 
* Compressed water at 10 bar 
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Figure 5-1 Layout diagram and pictorial view of major components in TCCP plant. 
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Figure 5-2 The transient temperature profile of exhaust gas emanating from micro-
turbine at assorted load. 
 
Figure 5-3 Fuel consumption and amount of electricity generated at assorted 
exhaust gas temperatures emanating from micro-turbine. 
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5.5 THE PERFORMANCE INVESTIGATION AND ENTROPY GENERATION 
ANALYSIS 
 This section describes the performance investigation of the Temperature 
Cascaded Co-generation Plant (TCCP). Figure 5-1 shows the layout diagram of the 
TCCP and its components constructed in Energy Conversion Laboratory of National 
University of Singapore. Temperature measurements are achieved using 10 kΩ 
thermistors with a 3 s time constant (±0.2 °C). The flow rates of the heat transfer 
fluids are monitored using electromagnetic flow meters (±0.5% of reading) whilist the 
steam flow rates is measured using Rose mount flowmeter (± 0.3 % of reading). The 
absolute pressure sensors that are used have an accuracy ±0.125 kPa (Gems). It is 
estimated that the accuracy of cycle averaged cooling capacity measurements is 
±3.5%, COP measurements is ±3.8%, and heat input measurements is ±1.7%. The 
following sections will be discussed about the performance analysis and entropy 
generation analysis for each of four stages namely (i) A steam generator, (ii) An 
absorption chiller, (iii) An adsorption chiller and (iv) A multi-bed desiccant 
dehumidification system. 
5.5.1 Performance Investigation and Entropy Generation Analysis of Waste Heat 
Fired Steam Generator (WHSG) 
The experimental investigation of the performance and entropy generation 
analysis of waste heat fired steam generator (WHSG) will be discussed in this section. 
Figure 5-4 shows the layout of the steam generator and its major components. In this 
experiment, the micro-turbine is running at full load and its corresponding exhaust gas 
temperature and generated electricity is 285°C and 25 kW, respectively. 
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Figure 5-4 The layout of steam generator comprises of Steam drum, an evaporator 
and a super heater, installed in the laboratory. 
 
Table 5-2 The steady state performance of WHSG cycle and its entropy generation. 
Exhaust gas flow rate (kg/s) 0.34 
Heat input (kW) 16.07 
Exhaust gas outlet temperature of WHSG (°C) 240 
Steam production rate   (kg/hr) 16.5 
Corresponding thermal energy     (kW) 13.25 
Total system entropy generation (W/K) 60 
Specific entropy generation (1/K) 4.53 
 
Chapter 5: The Experimental investigation on the performance and entropy generation of A 




Figure 5-5 Temperature profiles of key components in waste heat recovery steam 
generator. 
 
A superheater and an evaporator forming the first stage of heat recovery 
system of TCCP plant generates super heat steam at superheat temperature of 250 °C 
and saturated steam at a pressure of 10 bars. Figure 5-5  dictates the temperature 
profiles of the evaporator and the super heater. The WHSG system stabilizes after 30 
minutes of operation. The steady state performance of the WHSG cycle is presented 
in Table 5-2. As indicated in Table 5-2, the steam generation rate is 16.5 kg/hr and 
the outgoing exhaust gas temperature of WHSG is as high as 240°C after steady state 
is achieved. The performance of WHSG is also investigated at various exhaust gas 
inlet temperatures to observe the sensitivity of heat source temperature on the 
performance and entropy generation. The performance data of WHSG cycle and its 
entropy generation data are tabulated in Table 5-3. The outgoing exhaust gas will be 
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comprises of a waste heat recovery heat exchanger and an absorption chiller to 
produce cooling. 
Table 5-3 Performance and entropy generation of WHSG at assorted inlet exhaust 
  gas temperatures. 
Texh     







216 5.92 27.69 4.69 5.91 
246 11.10 50.11 8.93 5.61 
277 15.78 70.69 12.86 5.50 
285 17.01 75.74 13.90 5.45 
300 17.25 86.47 14.12 6.12 
 
5.5.2 Performance Investigation and Entropy Generation Analysis of Waste Heat 
Fired Li-Br/water Absorption Chiller  
This section discusses the experimental results for the second stage of the 
temperature cascaded co-generation plant. The second stage is formed with a waste 
heat recover heat exchanger, which produces hot water at the temperature   range of 
75 to 95 °C, and nominal capacity of 2 Rton Li-Br/ water absorption chiller. The 
second stage is sized just enough for the heat source to activate the absorption chiller 
so that the remaining waste heat will be utilized by the third and fourth stage, 
respectively.  
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Figure 5-6 The pictorial view of 2 Rton Li-Br/ water absorption chiller. 
The cooling and chilled water temperatures are maintained about 29±1.5 °C 
and 12±1.5 °C, respectively. The details of the parameters such as temperatures and 
flow rates required for the absorption chiller are furnished in Table 5-4. As described 
in  the previous section, the exhaust gas emanating from the first stage of TCCP plant 
will be directly diverted to the cross flow heat exchanger of the second stage. Thus, 
waste heat is recovered from the exhaust gas to produce hot water. The pictorial view 
of the 2 R-ton absorption chiller is shown in Figure 5-6.  The performance analyses 
were conducted at assorted hot water inlet temperatures to capture the effect of 
activation temperature on the performance of the absorption chiller. It is observed 
from Figure 5-7 that steady state is achieved after one hour of operation. The exhaust 
gas temperature emanating from WHR-HE-01 is found to be about 205 °C while the 
inlet is steady at 245 °C. It is also found out that the chilled water temperature 
produced by the absorption cooling system is as low as 7 °C whilst the inlet chilled 
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Table 5-4 Key Operational parameters for the experimental investigation on the 
  absorption chiller 
Description value Unit 
Hot water flow rate 48 LPM 
Cooling water flow rate 80 LPM 
Chilled water flow rate 30 LPM 
Hot water inlet temperature 75 to 95 °C 
Cooling water inlet temperature 29±1.5 °C 
Chilled water inlet temperature 12±1.5 °C 
 
 
Figure 5-7 Temperature profiles of heat transfer fluids in the second stages of 
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Entropy generation analysis, which takes into consideration not only the mass and 
heat transfer effects but also the chemical potential effect, is performed with the 
available experimental data sets. The steady state performance and entropy generation 
of the absorption chiller running at 90 °C of hot water inlet temperature is tabulated 
Table 5-5. The performance of absorption chiller is investigated under different hot 
water inlet temperatures to capture the sensitivity of heat source temperature on its 
performance. Specific entropy generation is calculated for each of the hot water inlet 
temperatures and to find out the optimal performance with respect to the hot water 
inlet temperature. The cooling capacity, coefficient of performance (COP) of the 
chiller and the corresponding specific entropy generation at assorted heat source inlet 
temperatures is represented in Figure 5-8 and Figure 5-9, respectively. The 
maximum COP and cooling capacity are found to be 0.52 and 35 W/K-Rton, 
respectively whilst the specific entropy generation is minimal and the corresponding 
heat source temperature is 90°C of hot water. Thus, the optimal operating condition 
for the absorption chiller is about 90°C of hot water inlet which produces maximum 
cooling. The outgoing exhaust gas will be then diverted to the third stage of the 
temperature cascaded co-generation plant comprises of a waste heat recovery heat 
exchanger and an adsorption chiller to produce cooling. 
Table 5-5 The steady state performance and its entropy generation analysis of  
  absorption chiller at hot water inlet temperature of 90°C 
Description Value Unit 
hot water outlet temperature 85 °C 
Cooling water outlet temperature 36 °C 
Chilled water outlet temperature 6.81 °C 
Generator heat input 13 kW 
Cooling capacity 7.10 kW 
COP 0.546  
system total entropy generation 69.55 W/m-K 
Specific entropy generation 34.48 W/m-K-Rton 
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Figure 5-8 Performance of the absorption chiller at assorted hot water supply 
temperatures showing the maximum Cooling capacity, minimum specific entropy 
generation and its operation region. 
 
 
Figure 5-9  Performance of the absorption chiller at assorted hot water supply 
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5.5.3 Performance Investigation and Entropy Generation Analysis of Waste Heat 
Fired Silica-Gel/Water Adsorption Chiller  
This section discusses the experimental results for the third stage of the 
temperature cascaded co-generation plant. The third stage is formed with a waste heat 
recover heat exchanger (WHR-HE-02), which produces hot water at the temperature   
range of 65 to 90 °C, and nominal capacity of 2 Rton silica gel/ water adsorption 
chiller. The third stages is sized just enough for the heat source to activate the 
adsorption chiller so that the excess energy contained in the exhaust gas will be 
utilized by the fourth. The cooling water and the chilled water temperature are 
maintained about 29±1.5 °C and 12±1.5 °C, respectively. The details of the 
parameters such as temperatures and flow rates required for the absorption chiller are 
furnished in Table 5-6.  The pictorial view of silica-gel/water adsorption facility is 
shown in Figure 5-10.  The performance of silica gel adsorption chiller was 
investigated while the micro-turbine is running at full load and emanating the exhaust 
gas temperature of 285°C at the first stage. Since the exhaust gas passed through first 
two stages, steam generation cycle and the absorption chiller, the inlet temperature of 
the exhaust gas at third stage  could be achieved about 200 °C. The temporal history 
of the key components namely (i) the adsorber, the desorber, the condenser and the 
evaporator, are monitored and plotted to study the performance whilst the cycle time 
and the switching time are fixed at 660s and 25s, respectively. The waste heat 
recovery heat exchanger for third stage is sized for nominal capacity of 15 kW.  
 
 
Chapter 5: The Experimental investigation on the performance and entropy generation of A 
Temperature Cascaded Co-generation Plant. 
162 
 
Table 5-6 Key operational parameters for the experimental investigation on the 
  adsorption chiller 
Description value Unit 
Hot water flow rate 40 LPM 
Cooling water flow rate (absorber bed) 67 LPM 
Cooling water flow rate (Condenser) 34 LPM 
Chilled water flow rate 29 LPM 
Hot water inlet temperature 70 to 90 °C 
Cooling water inlet temperature 29±1.5 °C 
Chilled water inlet temperature 12±1.5 °C 
Amount silica gel 36 kg/bed 
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The temperature of exhaust gas from second stage is then diverted to the third stage 
and the outlet temperature of exhaust gas from third stage is found to be about 150 °C 
while cycle average value of inlet and outlet temperature of heat transfer fluid is about 
85 °C and 80 °C, respectively. Owing to its nature of batched operated manner, the 
temperature profiles are only able to capture the cyclic steady state. The hot water 
produced from WHR-HE-02 is the merely heat source to active the waste heat driven 
adsorption cooling system. Temperature histories of the adsorber bed, the desorber 
bed, the condenser and the evaporator are plotted when the AD cycle reaches to the 
cycle steady state and it is shown in Figure 5-11. The temperature profiles of heat 
transfer fluids are represented in Figure 5-12.  It is observed that the chilled water 
outlet temperature is as low as 7 to 8 °C on cycle average. The cyclic steady 
performance and its entropy generation data are represented in Table 5-7. It is 
indicated that COP of AD cycle is about 0.507 while cooling capacity and heat supply 
to the system are found to be 7.107 kW and 14 kW, respectively. Unlike the previous 
stages, the third stage (AD cycle) is the batch operated system, it is important to find 
out the optimal cycle time to attain the best performance of the system. Thus, the 
sensitivity of cycle time on the performance of the AD cycle is investigated with the 
time ranging from 540s to 1640s while the switching time is kept at 20s. Figure 5-13 
dictates the performance of the AD cycle at assorted cycle time. The shorter cycle 
time leads to the lower COP since more thermal energy is required and more entropy 
generation is contributed, although the system generates more cooling capacity. Thus, 
the cycle time 1360s is fixed for the experiments with various hot water inlet 
temperature and entropy generation analysis. The experiments were carried out to 
capture the effect of performance (COP) with respect to the various hot water inlet 
temperatures and it is shown in Figure 5-14. 
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Figure 5-11 Performance of AD cycle showing the temperature profiles of key 
components after the system reached cyclic steady state. 
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Table 5-7 Performance and entropy generation values of the AD cycle at 660s of 
   cycle time and 25s of switching time. 
Description value Unit 
Hot water outlet temperature 80 °C 
Cooling outlet temperature (absorber bed) 33 °C 
Cooling outlet temperature (Condenser) 33 °C 
Chilled water outlet temperature 8.5 °C 
Desorber heat input 14 kW 
Cooling capacity 7.105 kW 
Adsorber heat rejection 14.07 kW 
Condenser heat rejection 7.77 kW 
COP 0.507  
System entropy generation 178.73 W/K 
Specific entropy generation 87.5 W/K-Rton 
 
 
Figure 5-13 The performance of AD cycle at assorted cycle time while the heat source 
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Figure 5-14 Performance of AD cycle at assorted hot water inlet temperature 
showing the optimal COP and minimum specific entropy generation. 
However, it should be noticed that the quality of cooling is deteriorating for 
the longer cycle time, although the thermal energy supplied and entropy generation 
are significantly reduced. This causes the COP of the system to decrease beyond 1360 
s. It is found out that the minimum specific entropy generation is found to be 131 
W/K-Rton whilst the maximum COP is achieved 0.51 at corresponding heat source 
temperature of 80°C. The cooling capacity and specific entropy generation are also 
investigated under various hot water supply temperature and is illustrated in Figure 
5-15. Thus, optimal performance of the AD cycle with COP of 0.51 and cooling 
capacity of 7.3 kW is achieved while the specific entropy generation is found 131 
W/K-Rton with the corresponding cycle time of 1360s.  The outgoing exhaust gas will 
be then channelled to the last stage of the temperature cascaded co-generation plant 
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desiccant dehumidification system  to produce dry air  which is pre-treated before 
sending it to AHUs for the air conditioning processes. 
 
Figure 5-15 Performance of AD cycle at assorted hot water inlet temperature 
showing the optimal cooling capacity and minimum specific entropy generation. 
5.5.4 Performance Investigation of Waste Heat Fired Silica Gel/Water Multi-Bed 
Desiccant Dehumidifier (MBDD) 
This section mainly focuses on the experimental results for the last stage of the 
temperature cascaded co-generation plant. The third stage is formed with a waste heat 
recover heat exchanger (WHR-HE-03), which produces hot water at the temperature   
range of 60 to 85 °C, and nominal capacity of 700 to 900 CMH to be dehumidified 
using Multi-bed desiccant dehumidifier (MBDD). The fourth stage is sized just 
enough for the heat source to activate the MBDD cycle and the exhaust gas at the 
temperature of 110 °C is just released to the ambient. The cooling water temperature 
is maintained at about 29±1.5 °C whilst the hot water produced by WHR-HE-03 is 
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temperatures and flow rates required for the MBDD are furnished in Table 5-8. The 
pictorial view of a multi-bed desiccant dehumidification system is presented in 
Figure 5-16.  The experiments were carried out at assorted hot water inlet 
temperatures with the ranges of 65 to 85 °C whilst the exhaust emanating from third 
stage was found to be about 150 °C.  
Table 5-8 Key operational parameters for the experimental investigation on the 
  multi-bed desiccant dehumidifier (MBDD). 
Description value Unit 
Hot water flow rate 40 LPM 
Cooling water flow rate (absorber bed) 67 LPM 
Amount of Silica gel 20 kg 
Air flow capacity 700- 900 CMH 
Hot water inlet temperature 65 to 85 °C 
Cooling water inlet temperature 29±1.5 °C 
 
 
Figure 5-16 Pictorial view of the multi-bed desiccant dehumidification unit installed 
in the energy conversion laboratory of National University of Singapore. 
Reactor beds packed 
with silica gel for 
dehumidification 
Incoming wet or 
humid air is blown to 
MBDD unit 
Moist exhaust air is purged out to 
ambient during regeneration mode. 
Dry air is sent to fan coil unit 
Chapter 5: The Experimental investigation on the performance and entropy generation of A 




Figure 5-17 The performance of the multi-bed desiccant dehumidification unit 
showing its adsorber and desorber bed while the  hot water and the cooling water inlet 
temperature are at 80 °C and 29.5 °C, respectively.  
 
Figure 5-18 The temperature-time histories representing the outlet hot water and 
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The temperature profiles of key components of MBDD cycle, the adsorber and the 
desorber beds, are depicted in Figure 5-17. It is worth noting that the temperature 
gradients of both reactors bed are very significant due to the pre-heating and pre-
cooling of beds which enhances the performance of the system. The transient 
temperature profiles of outlet of heat transfer fluids are also presented in Figure 5-18 
and it shows that cycle average value of both outlet water temperatures are 75°C and 
35 °C, respectively. The transient data of the out dry air conditions namely (i) relative 
humidity, dry bulb temperature and the humidity ratio are depicted in Figure 5-19. It 
is observed that cycle average relative humidity and dry bulb temperature are 65% 
and 33 to 35 °C, respectively while the cycle average moisture content in the dry air is 
about 17 g/kg DA. The moisture content in the ambient air is varying from 25 to 29.5 
g/kg DA while the dry bulb temperature is ranging from 30 to 32 °C. Hence, MBDD 
unit could be able to remove 40% of moisture content in the ambient air before 
sending to AHUs for cooling.  The performance parameters and entropy generation 
data for the MBDD unit  running at hot water inlet temperature of 75 °C is furnished 
in Table 5-9. Sensitivity of hot water inlet temperature, which is main heat source to 
activate the MBDD cycle, is also performed to capture the optimal performance of the 
system. The performance and specific entropy generation analysis are also carried out 
assorted hot water inlet temperature and it is shown in Figure 5-20. It is found out 
that maximum latent load removal of 7.13 kW is occurred while the minimum 
specific entropy generation is about 26 W/K-Rton at 76 °C of hot water inlet to 
MBDD system.  The COP of MBDD system and specific entropy generation is also 
analyzed and illustrated in Figure 5-21. It is indicated that there is a maximum of 
COP which is as high as 0.57 and its corresponding specific entropy generation is 
achieved as low as 26 W/K-Rton. Thus, the specific entropy generation analysis is an 
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important tool to capture the optimal performance with respect to the heat source 
temperature. The outgoing exhaust gas temperature of 110 °C is released to the 
atmosphere to maintain the exhaust gas temperature above its dew point temperature 
to prevent the condensation inside the exhaust pipe. The following section will be 
discussing about the combined performance of the TCCP plant and the specific 
entropy generation analysis to find out the optimal operation of the combined system. 
Table 5-9 Performance and entropy generation table of the MBDD cycle at 660s of 
cycle time and 30s of switching time. 
Description value Unit 
Hot water outlet temperature 70 °C 
outlet dry air temperature  33 °C 
outlet dry air relative humidity temperature  65 % 
Latent heat removed  7.13 kW 
Desorber heat input 12.54 kW 
COP 0.568  
System Entropy generation 52.57 W/K 
Specific Entropy generation 26.04 W/K-Rton 
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Figure 5-19 The transient  profiles showing temperature, relative humidity and 




Figure 5-20 Performance and specific entropy generation at assorted hot water 
temperatures and it shows the optimal moisture removal rate and minimum specific 
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Figure 5-21 Performance and specific entropy generation at assorted hot water 
temperatures and it shows the optimal COP and minimum specific entropy generation 
in MBBD system 
5.5.5 Performance investigation of the Temperature Cascaded Co-generation 
Plant (TCCP) 
 The performance analysis on the overall performance is discussed in this 
section. The details of the performance investigation and entropy generation 
minimization on each of the waste heat activated system had been presented in the 
previous section. The overall performance of the TCCP plant is presented in the 
section. The exhaust gas emanating from micro-turbine is utilised as the main driving 
heat source for the TCCP plant. The micro-turbine is operated in both part load and 
full load.  Since the micro-turbine is the load following machine, fuel supplied to the 
system is significantly different between part load and full load operation. The detail 
of the operating ranges and its power output are furnished in Table 5-10. Natural gas, 
which is quite clean and efficient, is used to fire the micro-turbine.  As shown in Table 
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moderate grade waste heat is utilised to produce the super heated steam at a pressure 
of 10 bars and temperature of 250°C. The waste energy is recovered in a manner of 
cascading the host of heat recovery compact heat exchangers before it is sent to the 
ambient. It has to be noticed that the exhaust gas temperature releasing to ambient 
should not fall below 90°C since the condensation of sulphur and some toxic gas 
would be occurred. In this system, the exhaust gas released to the ambient is 
maintained between 95 to 110°C. The exhaust gas emanating from steam generator is 
then channelled to the heat recovery heat exchangers which are connected in series 
manner to extract energy from waste heat. The overall experiment is conducted at 
assorted exhaust gas temperature and investigates the performance of the TCCP 
system. Some important parameters namely (i) Energy Utilisation Factor (EUF) and 
Fuel Energy saving Ratio (FESR) are introduced to carry out the analysis. Table 5-11 
shows the optimal firing temperature of each of the waste heat activated devices. It is 
found that the optimal exhaust gas temperature for activating the steam generator is 
found to be 280°C whilst the optimal hot water inlet temperature of the absorption 
chiller, the adsorption chiller and the desiccant dehumidifier are observed at 90°C, 
80°C and 75°C, respectively. The performance of the TCCP system is investigated at 
assorted exhaust gas outlet temperature of micro-turbine and it is depicted in Figure 
5-22.  It is investigated that the energy unitization factor is achieved as high as 72% 
while minimum specific entropy generation is contributed about 5.65 W/K-Rton. 
Thus, the optimal firing temperature of exhaust gas which contributes the maximum 
performance of the system is about 285 °C and the corresponding electricity 
generated is 24.5 kW. It is found that the maximum EUF is found where the system 
entropy generation is minimal and the specific entropy generation analysis can locate 
the range of operation for such a temperature cascaded co-generation plant. The 
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entropy generation and the FESR for different exhaust gas temperature are plotted as 
shown in Figure 5-23. It is observed that the 29 % of FESR is achieved while the 
specific entropy generation is minimal. The concept of minimization of entropy 
generation also leads to maximization of the EUF and FESR. Thus, the specific 
entropy generation    analysis is a tool to locate the region of optimal firing or 
activation temperature which provides the maximum performance of any thermally 
activated devices. 




temperature   
(°C) 
Electricity 
output   
(kW) 
  3.0075 217 6 
4.283 246 12.7 
5.579 277 21.5 
6.007 285 23.5 
6.6 300 24.5 
 
Table 5-11 The waste heat fired devices and its optimal operating heat source  
  temperatures. 









Steam generator 285 NA 13.90 
Absorption chiller NA 90 7.10 
Adsorption chiller NA 82 7.19 
Desiccant 
Dehumidifier NA 77 7.13 
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Figure 5-22 Performance of TCCP plant at assorted exhaust gas inlet temperature 
and shows that EUF of 72% while minimum specific entropy generation of 5.65 W/K-
kW is generated. 
 
Figure 5-23 Performance investigation of TCCP plant showing specific entropy 
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5.6 VALIDATION OF SIMULATION RESULTS WITH THE 
EXPERIMENTAL RESULTS 
This section discusses on the validation of experimental results and the 
predicted results using the mathematical model developed in chapter 4. The steady 
state performance validation of waste heat fired steam generator (WHSG) is firstly 
presented followed by the steady state performance comparison of absorption cycle. 
The batched operated system such as adsorption chiller and multi-bed desiccant 
dehumidifier data are validated with the predicted results. The performance 
comparison between the experimental results and predicted data are carried out at 
assorted exhaust gas inlet temperatures for the steam generation cycle and 
summerized in Table 5-12. The current model predicts well to within the 
experimental margin of errors with 3% to 5%. 
Table 5-12 Comparison of performance of steam generator between predicted and 
experimental results 






















217 5.909 4.606 5.598 4.363 5.27 5.28 
246 11.100 8.830 10.592 8.314 4.58 5.85 
277 15.717 12.655 14.988 11.968 4.64 5.43 
285 17.004 13.802 15.990 12.983 5.96 5.94 
300 17.250 14.024 16.580 13.553 3.88 3.35 
 
The numerical model for the second stage of TCCP plant, the absorption chiler, is also 
validated with the experiments. The comparison on the performace of the absorbtion 
chiller is carried out at assorted micro-turbines exhaust gas outlet temperature and the 
corresponding hot water temperature ranging from 75 to 95°C. The performance of 
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the absorption chiller at the steady stat is compared between the experiment and the 
predicted results and it is furnished in Table 5-13. It is observed that the predicted 
results are in good agreement with the experimental data except that experimental 
data is slightly higher than the predicted results. This is due to the fact that 
experimental entropy generation is slightly lower than the predicted value.  Owing to 
the optimized design of the equipment, the experimental performance is observed to 
be better. 
Table 5-13 Validation of numerical model with the experimental results obtained 
second stage of TCCP plant, the absorption chiller 




























75 4.74 0.43 40.23 4.60 0.41 41.76 3.03% 6.09% 3.80% 
80 5.48 0.47 38.57 5.35 0.43 40.49 2.29% 7.39% 4.99% 
85 6.35 0.53 35.56 6.22 0.49 37.51 2.08% 6.67% 5.48% 
90 7.10 0.55 34.48 6.90 0.52 35.95 2.82% 5.43% 3.11% 
95 6.39 0.47 38.93 6.12 0.45 40.55 4.26% 5.60% 4.16% 
 
 The performance and entropy generation validation of the third stage of TCCP 
plant comprises adsorption chiller has also been carried out at assorted heat source 
temperatures. Owing to its batched manner of operation of the AD cycle, the 
numerical simulations are compared with the experimentally measured cycle’s 
performance on the cycle average basis. The comparison is performed on the 2-bed 
AD cycles operating over a one cycle period. For example, Figure 5-24 shows the 
comparison between the simulated and the experimentally-measured temperatures of 
the major components of the 2-bed AD cycle. It is observed that the numerical models 
of the AD cycles agree well with the experimental performance except that the 
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temperature of the condenser bed by experimental is slightly higher than that of the 
simulated cycle at the beginning of cycle time. The performance and entropy 
generation analysis is conducted at assorted heat source inlet temperature and it is 
summerized in Table 5-14. It can be clearly seen that the predicted are well agreed 
with the experimentally measured results on the performance analysis for AD cycle. It 
is observed that specific entropy generation obtained by the experiment is lower than 
that of numerically analysed data and it leads to the COP and cooling capacity of the 
experiment data to be higher. The performance and entropy generation validation of 
the last stage of TCCP plant comprises multi-bed desiccant dehumidification 
(MBDD) system has also been carried out at assorted heat source temperatures.  
Likewise to the adsorption chiler, MBDD is also operated under batched manner.  
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Table 5-14 Validation of numerical model with the experimental results obtained 
second stage of TCCP plant, the adsorption chiller. 
 
The numerical simulations are compared with the experimentally measured cycle’s 
performance on the cycle average basis. The comparison is performed on the MBDD 
cycles operating over a one cycle period. For example, Figure 5-25 shows the 
comparison between the simulated and the experimentally-measured temperatures of 
the key components of the MBDD cycle. It is observed that the numerical models 
developed for  the MBDD cycles agrees well with the experimental performance 
except that the temperature of the reactor beds in the predicted results is slightly 
higher than that of the experimental results at the commencement of cycle time. 
Peformance and entropy generation analysis are also validated with the experiment at 
the assorted hot water inlet temperatures and is tabulated in Table 5-15. It can be 
clearly seen that the predicted are well agreed with the experimentally measured 
results on the performance analysis for MBDD cycle. It is observed that specific 
entropy generation obtained by the experiment is lower than that of numerically 
analysed data and it leads to the COP and cooling capacity of the experiment data to 
be higher. Thus, entropy generation is a tool to locate the system to its best 
performance and lowest dissipation. 
Experimental results predicted result % Error 
Hot 
water 

























65 4.900 0.419 90.710 4.633 0.396 95.74 5.45 5.54 5.25% 
70 5.806 0.453 89.471 5.570 0.434 93.56 4.06 4.27 4.37% 
75 6.555 0.489 88.597 6.306 0.469 91.40 3.79 4.00 3.06% 
80 7.190 0.511 87.497 6.949 0.488 90.55 3.36 4.55 3.37% 
85 7.314 0.496 89.356 6.998 0.469 95.61 4.31 5.53 6.54% 
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Figure 5-25 Validation of the 2-bed simulation MBDD cycle with experimental 
results. 
 
Table 5-15 Performance comparison of the experimental results and the predicted 
results of MBDD cycle 
Experimental results predicted result % Error 
Hot water 
inlet 































64.1 4.591 0.469 31.485 4.220 0.437 35.531 8.09% 6.76% 12.65% 
68.3 5.307 0.494 29.956 4.948 0.460 33.800 6.76% 6.76% 11.37% 
72.6 6.234 0.535 27.676 5.729 0.499 31.222 8.1% 6.76% 12.62% 
76.9 7.130 0.569 26.041 6.648 0.530 29.374 6.8% 6.76% 11.35% 
81.2 7.281 0.544 27.249 6.920 0.517 30.148 4.95% 4.95% 9.61% 
 
With these advantages of the optimal performance of the host of 
abovementioned waste heat activated devices, the overall performace of TCCP plant 
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electricity generation of 24.5 kW and exhaust gas temperature of 285 °C. The energy 
utilization factor (EUF) in the experiment achieves as high as 0.72 while the predicted 
results yield 0.69 with the absolute error of 6.94 %.  It is observed that the optimal 
activation temperature of each of the waste heat activated devices is decreasing with 
the increase in the number of cascaded stages. Hence the overall performance yields 
the efficiency of 72 % of the total energy supplied to the TCCP plant. With the 
advantages of the cascaded architecture of the waste heat activated devices and 
abundantly availability of waste heat in the industrial, the design of this architecture 
can be implemented for the large scale of power plant.  
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Chapter 6   Optimization of a Temperature Cascaded 
co-generation Plant using genetic algorithms (GA).  
6.1 SUMMARY OF CHAPTER 6  
The operational procedure of GA linked to the powerful simulation program is 
illustrated in the first section of chapter 6. Microsoft FORTRAN power station 4.0 
linked with IMSL math library is used to solve the partial differential equation and 
GA procedure. Minimization of specific entropy generation of each of the thermally 
activated equipments in TCCP plant is carried out. The optimal activation temperature 
of  exhaust gas to operate the steam generator is found to be at 285°C  while the 
optimal firing temperature of hot water to activate the absorption chiller, the 
adsorption chiller and the desiccant dehumidifier is found to be in descending order of 
90°C, 82°C and 77°C, respectively. The thermo economic analysis and carbon credit 
will be discussed in Chapter 7. 
6.2 INTRODUCTION 
 The concept of entropy is defined by the Second Law of Thermodynamics, 
which states that the entropy of a closed system always increases or remains constant. 
Thus, entropy is also a measure of the tendency of a process, such as a chemical 
reaction, to be entropically favoured, or to proceed in a particular direction. It 
determines that thermal energy always flows spontaneously from regions of higher 
temperature to regions of lower temperature, in the form of heat. These processes 
reduce the state of order of the initial systems, and therefore entropy is an expression 
of disorder or randomness. This model is the basis of the microscopic interpretation of 
entropy in statistical mechanics describing the probability of the constituents of a 
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thermodynamic system to be occupying accessible quantum mechanical states, a 
model directly related to the information entropy.  The mathematical modelling of 
entropy generation is presented in Chapter 4. The entropy generation analysis 
determines the amount of dissipation in a specific heat and mass transfer process 
within the thermodynamic cycle. All real processes are irreversible due mainly to the 
presence of entropy generation via friction, heat transfer and mass transfer. Unlike 
energy, entropy generation is a tool to capture the system dissipation or lost work. The 
sensitivity of heat source temperature on entropy generation is investigated in 
previous chapter. Minimization of specific entropy generation using Genetic 
Algorithm (GA) is presented in this chapter. GAs, which optimizes multi parameters 
rather than heat source temperature, could give the global minima solution for any 
thermodynamics process or system. The details of GA will be discussed in the 
following section. 
6.3 WORKING PROCEDURE OF GENETIC ALGORITHMS FOR 
MINIMIZATION OF ENTROPY GENERATION 
Minimization of entropy generation is discussed in this section.  Genetic algorithms 
(GA) are one of the most appropriate methods for the optimization problems. GA is 
used as a minimization tool in this study. It is relatively new optimization technique 
which can be applied to various problems and usually gives good approximations in 
the reasonable amount of time. Genetic algorithms are a probabilistic search 
approach, which are founded on the ideas of evolutionary processes (M. Gordon, 
1988). The GA procedure is based on the Darwinian principle of survival of the fittest 
(Charles Darwin, 1959). A set of initial input design variables string (chromosomes) is 
created containing a predefined number of individuals, each represented by a variable 
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string. Each individual has an associated fitness measure. The fittest (or best) 
individuals in the set of design variables will produce a fitter solution. It is then 
implemented in order to regenerate the next design variables. Selected individuals are 
chosen for regenerate (or variable crossover) at each generation step, with an 
appropriate  changes in the sequence of the design variable string ( mutation) to 
randomly modify design variables of an individual, in order to develop the new 
variables. The result is another set of individuals based on the original subjects 
leading to subsequent design variable string with better fitness and those with lower 
fitness will naturally get discarded from the data string.   
 The GA consists of four main stages: initialization, selection, 
reproduction or regeneration of design variables and termination as shown in Figure 
6-1. In the initialization stage, individual solutions are randomly generated to form an 
initial design variables string. The size of design variables depends on the nature of 
the problem, but typically contains several hundreds or thousands of possible 
solutions. Traditionally, the variables are generated randomly, covering the entire 
range of possible solutions (the search space). Occasionally, the solutions may be 
"seeded" in areas where optimal solutions are likely to be found. In the second stage 
of GA so called selection of design variables. GA begins by defining the array 
containing Nvar of input design variables value, to be optimized as follow: 
var1 2
, ,..., NP P P) *	
- .
input variable string     (6-1) 
In this stage, a proportion of the existing variables are selected to generate or 
reproduce a new string of variables during each successive generation. Individual 
solutions are selected through a fitness-based process, where fitter solutions (as 
Chapter 6: Optimization of a Temperature Cascaded Co-generation Plant using Genetic Algorithms. 
186 
 
measured by a fitness function) are typically more likely to be selected. Certain 
selection methods rate the fitness of each solution and preferentially select the best 
solutions. Other methods rate only a random sample of the variables, as this process 
may be very time-consuming. Most functions are stochastic and designed so that a 
small proportion of less fit solutions are selected. This helps keep the diversity of the 
variables large, preventing premature convergence on poor solutions. Popular and 
well-studied selection methods include roulette wheel selection and tournament 
selection. Regeneration or reproduction is the third stage for the GA to generate 
optimal solution for a given problem. This step is to generate a second generation 
variable of solutions from those selected through genetic operators: variables 
crossover (also called recombination), and/or mutation. For each new solution to be 
produced, a pair of previous generation of variables is selected for regeneration from 
the pool. By producing an array of next variables using the above methods of 
variables crossover and mutation, a new solution is created which typically shares 
many of the characteristics of its previous generation of variables. Newly generated 
variables are selected for each new variable for next generation, and the process 
continues until a new variable of appropriate size is generated. These processes 
ultimately result in the next generation of the array of variables that is different from 
the initial generation. Generally the average fitness will have increased by this 
procedure for the variables, since only the best fitted variables from the previous 
generation are selected for regeneration of variable which is used for next step, along 
with a small proportion of less fit solutions. Although variables crossover and 
mutation are known as the main genetic operators, it is possible to use other operators 
such as regrouping, colonization-extinction, or migration in genetic algorithm. Many 
crossover techniques,  namely (i) one-point crossover (ii) two-point crossover (iii) cut 
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and splice (iv) uniform crossover and half-uniform crossover and (v) crossover for 
ordered chromosomes, exist for best fitted variables which use different data 
structures to store themselves. A single variables crossover point on both previous a 
couple of variables strings are selected. All data beyond that point in either variables 
string is swapped between the variable strings. The resulting newly generated 
variables are shown in Figure 6-2(a). Two-point crossover calls for two points to be 
selected on the previous variable strings. Everything between the two points is 
swapped between the previous variable strings, rendering two newly generated 
variables strings are shown in Figure 6-2(b). Another crossover variant, the "cut and 
splice" approach, results in a change in length of the newly generated strings. The 
reason for this difference is that each previous or old variable string has a separate 
choice of variable crossover point. Another method of crossover used in GA is 
uniform crossover and half-uniform crossover. In both these schemes: the two old 
variables are combined to produce two new variable strings. 
Changing the sequence of the variable or mutation is a genetic operator used to 
maintain genetic diversity from one generation of an array of variables to the next. It 
is analogous to biological mutation. The classic example of a mutation operator 
involves a probability that an arbitrary bit in a genetic sequence will be changed from 
its original state. A common method of implementing the mutation operator involves 
generating a random variable for each bit in a sequence. This random variable tells 
whether or not a particular bit will be modified. The purpose of mutation in GAs is 
preserving and introducing diversity.  
 
 

















Figure 6-1 Flow chart of genetic algorithm procedure 
 
 
Define Objective function, design variables, 
constraints and GA parameters 
Generate the initial value for design variables 
Create the Design variable strings 































Variables cross over 
Mutation (changing the sequences of variable strings) 
Selection of best fit design variables 





















(a) One-point Crossover  (b) Two-point crossover 
Figure 6-2 Different methods of variables crossover applied in genetic algorithms 
 Mutation should allow the algorithm to avoid local minima by preventing the 
population of chromosomes from becoming too similar to each other, thus slowing or 
even stopping evolution. This reasoning also explains the fact that most GA systems 
avoid only taking the fittest of the population in generating the next but rather a 
random (or semi-random) selection with a weighting toward those that are fitter. 
Termination is final stage of GA. This generational process is repeated until a 
termination condition has been reached. Common terminating conditions are: 
 A solution is found that satisfies minimum criteria 
 A Fixed number of generations reached 
 The highest ranking solution's fitness is reaching such that successive 
iterations no longer produce better results 
 Manual inspection 
 Combinations of the above 
Simple generational genetic algorithm pseudo codes 
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2. Evaluate the fitness of objective function of each individual in that variables  
array 
3. Repeat on this generation until termination: (time limit, sufficient fitness 
achieved, etc.)  
i. Select the best-fit individuals for reproducing of design variables.  
ii. Regenerate new individuals through  variables crossover and mutation 
operations to obtain to an array of new design variables 
iii. Evaluate the individual fitness of new design variables 
iv. Replace least-fit population with new design variables 
 This iterative process continues until one of the possible termination criteria is 
met: if a known optimal or acceptable solution level is attained; or if a maximum 
number of generations have been performed; or if a given number of generations 
without fitness improvement occur.  
GA coding is produced using FORTRAN 90 programming language in this 
study. The objective function to optimize in this study is the entropy generation. In a 
thermodynamics process, entropy generation is contributed by several factors namely 
(i) heat transfer, (ii) mass transfer and chemical potential.  The design parameters, for 
example heat transfer area, heat source temperature and flow rates of the system, are 
to be defined and set the constraint for those parameters chosen. Since GA looks for 
the location of global optimum, the best solution for the design parameters are 
achieved. The performance of the plant is analysed using the optimal design 
parameters.  The detailed minimization of entropy generation for each component of 
the temperature cascaded co-generation plant will be discussed in the following 
section. 
Chapter 6: Optimization of a Temperature Cascaded Co-generation Plant using Genetic Algorithms. 
191 
 
6.3.1 Minimization of Entropy Generation Using Genetic Algorithm (GA) 
The performance analysis and the entropy generation analysis for the host of 
waste heat activated devices containing in TCCP system had been discussed in 
Chapter 4. The specific entropy generation at assorted heat source temperature was 
conducted to obtain minimum entropy generation at which maximum COP is 
occurred. Minimization of specific entropy generation was conducted by varying 
activation temperatures of the system in previous section. In this section, a well 
known optimization tool, namely the genetic algorithm (GA), is used as to locate the 
system minima for all defined domain of heat source, cooling water temperatures, 
flow rates and heat transfer area. The use of such an optimization ensures the search 
for performance maxima that is deemed global rather than local in nature. GA coding 
is produced in the FORTRAN 77 programming language and links to the TCCP 
program to feed back the optimal variables such as inlet temperatures and flow rates 
of heating medium, coolant and chilled water as well as heat transfer area of major 
components in the TCCP plant. Figure 6-3 depicts the flow chart of GA linked to 
TCCP program. 




Figure 6-3 Flow chart of genetic algorithm (GA) linked to the TCCP program. 
The minimization of specific entropy generation for the steam generation 
cycle is conducted using as optimization tool in which all the parameters namely; (i) 
heat transfer area of the super heater and the evaporator, (ii) feed water flow rate and 
(iii) the activation exhaust gas stream temperature, are optimised.  Figure 6-4 depicts 
the specific entropy generation of steam generation cycle. The optimized result 
obtained by GA shows that the system entropy generation can be further reduced to 
5.7 W/K-kW. Owing to optimize the multi-parameter rather than single parameter, the 
specific entropy generation provided in GA   can be reduced by 10 %.  Table 6-1 
summarises the optimized parameters obtained by GA optimization procedure. Table 
6-1 shows that GA optimization tool provides about 5 % increase in the steam 
generation rate for the same amount of heat supply to the steam generation cycle. 
Numerical simulation for specific entropy generation is performed at assorted exhaust 
gas inlet temperature of the minimization of specific entropy generation at assorted 
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heat source between single parameter optimization and the multi-parameters 
optimization (GA). 
 
Figure 6-4 Specific entropy generation using GA optimization tool. 
 






super heater  heat transfer area 0.5 0.75 m2 
Evaporator heat transfer area 5.5 6.2 m2 
steam production rate 15.84 16.67 kg/hr 
optimal  inlet activation temperature 
(Exhaust gas) 285 285 °C 
































Exhaust gas inlet temperature (°C)











Figure 6-5 Specific entropy generation using optimised parameter at assorted 
activation temperature of exhaust gas stream. 
 
 
Similarly, specific entropy generation minimization for the absorption cooling 
cycle is performed using genetic algorithm which provides the global optimization 
results rather than local optima. Figure 6-6 shows the optimization result of specific 
entropy generation, cooling capacity and heat supply to the system obtained by GA 
optimization technique. Table 6-2 summarises the optimal results obtained by using 
GA technique.  
The comparison of the chiller performance between with GA optimization and 
without GA optimization at assorted hot water inlet temperature to the chiller 
indicates that specific entropy generation is reduced from 35 W/K.Rton to 31 
W/K.Rton after the components of the absorption chiller system had been optimized 


























Inlet Exhaust gas temperature (°C)
SgenTot (GA) Sgen tot (non-GA)
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4.5%. The optimal activation temperature of heat source is found to be at a 
neighbourhood temperature of 90.08°C.  The optimal design variables such as area, 
flow rates, and temperature generated by GA optimization are furnished in Table 6-3 
 
Figure 6-6 Comparison of the optimization result using GA tool and w/o using GA 
tool. 
 
Table 6-2 Optimal results obtained by GA optimization tool. 








(GA)    
(W/m-K) 
Sgen tot   
(W/m-K) 
Sgen/Qevap 
(GA)     
(W/K-Rton) 
Sgen/Qevap    
(W/K-Rton) 
75 4.45 4.699 51.43 54.72 38.62 43.25 
80 5.14 5.419 57.14 60.79 37.17 41.63 
85 5.91 6.22 60.57 64.44 34.29 38.40 
90.08 6.76 7.00 63.35 67.39 31.33 35.08 
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Table 6-3 Optimal design variables for absorption cycle. 
Generator Non-GA GA Units 
Hot water Flow rate m°hw 0.67 0.7 kg/s 
Heat transfer area Agen 3.5 4 m2 
Generator inlet Xws 57 57 % 
Solution flow rate m°sol 0.059 0.059 kg/s 
Absorber  
Cooling  water Flow rate m°cw 0.6 0.65 kg/s 
Heat transfer area Aabs 2 2.5 m2 
inlet concentration Xss 63 63 % 
Solution flow rate m°sol 0.056 0.056 kg/s 
Condenser  
Cooling water flow rate m°cw 0.6 0.65 kg/s 
Heat transfer area Acond 2 2.5 m2 
Evaporator  
Chilled water flow rate m°chiw 0.335 0.35 kg/s 
Heat transfer area Aevap 1.7 2 m2 
 
The GA technique is also employed to the adsorption cycle for optimization of multi-
parameters rather than heat source temperature. Figure 6-7  depicts the optimized 
entropy generation and cooling capacity obtained by GA technique. The GA 
optimized specific entropy generation yields a lower value of 79 W/K.Rton at a 
neighbourhood temperature of 81.15 oC. The results  indicates  that  specific entropy 
generation of AD cycle is reduced by 8 % whilst cooling capacity and COP of AD 
cycle  is improved by 6% and 8%, respectively. This unique drop in entropy 
generation of chiller demonstrates the effectiveness of entropy generation for 
performance evaluation that leads to the maximization of COP of adsorption cooling 
cycle. Table 6-4 shows the optimal solution obtained by GA optimization tool. The 
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optimized design parameters of AD cycle generated by GA are furnished in Table 
6-5. 
 
Figure 6-7 Specific entropy generation and cooling capacity for AD cycle at assorted 
heat source temperatures with and without GA optimization technique. 
 
Table 6-4 Optimal solution obtained by GA at assorted hot water inlet   
  temperatures 








(GA)      
(W/K) 







65.26 4.63 4.68 124.76 126.02 93.83 95.74 
70.81 5.57 5.50 145.08 148.04 92.85 93.56 
76.65 6.31 6.31 160.46 163.74 89.49 91.40 
81.15 6.95 7.03 175.18 178.76 87.69 90.55 































Hot water inlet temperature (°C)
Qevap (GA) Qevap Sgen/Qevap Sgen/Qevap (GA)
GA optimized results
Temperature shifted to higher value after applying GA since the 
temeperatures, flow rates and  heat transfer surface area are 
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Table 6-5 Optimal design parameters obtained by GA optimization technique. 
Optimal design parameters  Values Unit 
Desorber/Adsober bed 
Adsorber/ desorber bed heat transfer area 30 m2 
Hot water/cooling water flow rate 0.7 kg/s 
Hot water inlet temperature 0.7 kg/s 
Cooling water inlet temperature 29.4 °C 
Condenser 
Condenser heat transfer area 1.5 m2 
Cooling water inlet temperature 29.4 °C 
Cooling water flow rate 0.7 kg/s 
Evaporator  
Evaporator heat transfer area 2.85 m2 
Chilled water flow rate 0.36 kg/s 
Chilled water inlet temperature 12 °C 
 
The GA technique is also applied to MBDD cycle to minimize the specific entropy 
generation by multi-parameters optimization.  Figure 6-8 depicts the minimization 
entropy generation and maximum COP of MBDD cycle obtained by multi-parameters 
optimization (GA) technique. The results indicate that that specific entropy generation 
is reduced from 29 W/K-Rton to 26 W/K-Rton after the adsorber bed and desorber 
bed of MBDD cycle had been optimized while the COP is increased by 4 %. The 
optimal activation temperature of heat source is found to be at a neighbourhood 
temperature of 77°C.  The optimal design variables such as area, flow rates, and 
temperature generated by GA optimization are furnished in Table 6-6. The optimal 
values generated by GA optimization are furnished in Table 6-7. 








Table 6-6 Optimal design parameters for MBDD cycle generated by genetic 
algorithm (GA) optimization 
Optimal design parameters  Values Unit 
Desorber/Adsorber bed 
Adsorber/ desorber bed heat transfer area 35 m2 
Hot water/cooling water flow rate 0.7 kg/s 
Hot water inlet temperature 77 °C 
Cooling water inlet temperature 29.4 °C 
Air flow rate 750 CMH 
Inlet air temperature 32 °C 











































Hot water inlet temperature (°C)
COP (GA) COP (Non-GA) Specific Sgen(Non-GA) Specific Sgen (GA)
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Table 6-7 Optimization result generated by GA optimization Technique  
 















64.1 36.05 4.22 0.43 33.35 4.37 0.45 
68.3 33.80 4.95 0.46 31.73 5.06 0.47 
72.6 31.67 5.73 0.49 29.32 5.94 0.51 
76.9 29.37 6.65 0.52 27.58 6.79 0.54 
81.2 30.15 6.92 0.50 28.31 7.07 0.52 
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Chapter 7  Life Cycle Analysis of Temperature 
Cascaded Co-generation Plant  
7.1 SUMMARY OF CHAPTER 7  
 The thermo-economic viability of the temperature cascaded co-generation 
plant (TCCP) has been presented using a life-cycle approach. The sensitivity analysis 
has been performed using some important parameters which influence on the payback 
period and the annualised saving of TCCP plant. It is found that operation hour is the 
factor which dictates the annual saving of the plant and payback period could be a low 
as 2 years. Owing to waste heat recovery, the TCCP cycle emits significantly lesser 
CO2:- When compared to a conventional power plant of the same electricity and 
cooling demand a savings of at least 55.42 tonnes of CO2/year. Hence, the TCCP 
cycle is an excellent and practical solution to produce different type of energy, such as 
cooling, steam, electricity and dehumidification, with the use of single fuel source.  
7.2 INTRODUCTION 
The overall performance of a co-generation plant is a major factor for 
feasibility of installing a co-generation plant. Energy saving and cost saving are the 
major factors which influence on the plant selection. It is by far one of the most 
equitable methods for comparing the merits of the Temperature Cascaded Co-
generation Plant versus the conventional methods. Overall plant performance and a 
life cycle analysis are adopted as a platform for the evaluation of feasibility of TCCP 
plant. The following section presents the overall performance of TCCP plant. 
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7.3 OVERALL PERFORMANCE OF TCCP PLANT 
 This section describes the overall combined performance of TCCP. The 
performance study is conducted with the assorted exhaust gas temperature ranging 
from 217 to 300°C while the corresponding heat source temperature supplied to the 
host of waste heat activated devices is varied between 60 to 90°C. The other operation 
parameters namely (i) cooling water inlet temperature, (ii) chilled water inlet 
temperature and (iii) operation cycle time and the switching time are discussed in 
Chapter 4 and 5.   
7.4 FACTORS AFFECTING THE FUEL COST AND CO-GENERATION 
COST  
The cost of the plant is one of the imperative factors to be considered for the 
feasibility of co-generation system. The several design and operational factors can 
influence the cost of the plant (El-Dessouky et. al., 2002). A list of the general factors 
contributing to the annual cost calculation of co-generation plants are listed in Table 
7-1. The less apparent or indirect factors such as the plant load factor and availability 
of skilled labours, could affect also the annual cost although to a lesser extent. For 
these indirect factors, a simple cost estimation methodology has been applied and the 
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Table 7-1 Factors to be considered for the feasibility of co-generation system. 
No Cost factor Description 
1 Plant life This affects the capital costs of the plant through 
amortization period. 
2 Plant costs The most important factor for the decision of the co-
generation and this cost may vary with the size and the 
capacity of the plant. 
3 Interest rates It has influence on the capital cost and the total investment 
for the plant.  
4 Inflation rates It has considerable effect on the unit production cost.  
5 energy cost It has direct influence on the operating cost. 
6 site cost This relates to the land cost which varies with the location 
and the foot-print area of the plant.  
7 operating hours It has a significant effect on the plant life as well as 
operating cost. 
 
7.5 COST ESTIMATION  
This section describes the general description of cost model in evaluating the 
adoptability of the co-generation system.  The total cost of a co-generation plant 
comprises the capital, the operational and the replacement costs of key components 
such as heat exchangers, pumps, etc. Depending on the plant, the plant life would 
affect the annualized capital cost via the amortization period (n) and the interest rate 
(i) through a capital recovery factor (CRF), i.e., the product between the initial 
investment and the CRF. The operational cost comprises the contributions from fuel 
and electricity rates, maintenance and replacement, pumping requirements. In reality, 
all operational costs can be subjected to the inflation effect or rates (j), arising from 
the cost of primary fuel, electricity price fluctuations, etc. Such increases over a 
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period of time into the future could be incorporated by using an inflation weighted 









The life cycle approach for the TCCP plant using the above mentioned key 
parameters can be described, by the sum of the annualised capital cost and the 
annualised operation cost, as follow: 



























  (7-1) 
where Cann is the total annualised cost of the plant, m is the no of items of capital 
investment, p is related to no. of items related to the operational cost and  Ccap and 
Cop represent the annualised capital cost and annualised operation cost of the plant, 
respectively. These include factors such as direct capital cost, electricity cost, fuel 
cost, maintenance cost, manpower cost, where the latter could be significant if the 
fouling level is high. The detailed description of the major costs involved in a typical 
co-generation systems are given as follows. 
[i]. Annualised Capital Cost (ACC) 
 
Annualised capital cost of the TCCP plant includes the cost of equipment 
namely (i) micro-turbine, (ii) absorption chiller, (iii) steam generator, (iv) adsorption 
chiller, desiccant dehumidifier and waste heat extraction system, the land cost, cost of 
adsorbent and auxiliary equipment cost. Moreover, the cost of the pumps, water and 
vapor valves are also included in the capital cost estimation. Based on the major 
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factors mentioned above, the annualised capital cost of the plant over the plant life is 
given as; 
capACC C /	         (7-2) 
here, Ccap is the total capital cost of TCCP plant and its  auxiliary equipment and β is  














        (7-3) 
here n and i represent the plant life and interest rate, respectively.  
[ii]. Annualised Fuel Cost (AFC). 
For a TCCP plant, fuel cost is one of major costs affecting on the feasibility of 
the plant and it is given as  
3 3($ / ) ( / )fuel fuelAFC C m xM m yr	       (7-4)  
where  AFC  represents the annualised fuel cost, Cfuel  denotes the unit fuel 
cost and Mfuel describes the amount of fuel consumption of TCCP plant.  
[iii]. Annualised  Electricity Cost (AEC) 
The parasitic pumping cost and the blower operating cost are another major 
contribution for TCCP plant and it can be expressed as  
($ / ) ( ) ( ) ( / ) ($ / )p b op eleAEC yr W kW W kW xTime hr yr xC kWh) *	 
- .
  (7-5) 
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here,  Wp and Wb can be described as follow; 
 
3
,( ) /( ) j p jp
j j






     (7-6) 
 
3
,( ) /( ) k b kb
k k






      (7-7) 
where Wp and Wb represent the power consumed by the pump and the blower, 
respectively. ΔP denotes the pressure drop accounting for water circulation and air 
distribution employed in TCCP plant.  Q is the volumetric flow rate of water or air 
and η  is efficiency of blower and pump.  Detail calculation of pumping power is 
discussed in Appendix C. Finally, Timeop is the operating hour of blower and pump 
throughout the year and Cele denotes as unit of price of electricity consumed by the 
pumps and the blower. 
[iv]. Annualised  Labour Cost 
This is the cost contribution arising from the payment of remunerations of 
personnel working in TCCP plant. The amount manpower cost depends on the 
capacity, the simplicity and the reliability of the waste heat recovery method. Owing 
to the simplicity of a TCCP plant, the manpower cost is usually low because the 
operation of the TCCP plant is fully automated. 
[v]. Annualised Maintenance Cost (AMC) 
The maintenance cost of co-generation process is usually given by the 
percentage of the direct capital cost of the plant. It is given as 
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($ / ) capAMC yr C /	        (7-8) 
where α is the percentage of direct capital cost for plant maintenance and  AMC is the 
annualised maintenance cost.  As one of the key advantages of a TCCP plant has  
almost no moving parts except micro-turbine, pumps and the blower, it has low 
maintenance cost as compared to  the conventional process. The level of maintenance 
relating to the corrosion and scaling problems is significantly reduced. Hence, it is 
practical to assume that the maintenance cost of the TCCP plant is at 1% of direct 
capital cost of the TCCP plant.   
 Finally, the total annualised cost of TCCP can be defined as the sum of 
annualised capital cost, annualised fuel cost, annualised electricity cost, annualised 
labour cost and annualised maintenance cost and it can be given as  
TAC ACC AFC AEC ALB AMC	          (7-9) 
7.5.1 Cost Comparison with Conventional Plant 
This section discusses the computation of cost of the TCCP using life cycle 
approach described in the previous section prior to evaluation of cost comparison with 
the conventional plant producing the same energy demand as TCCP plant. The 
annualised cost of both TCCP plant and the conventional plant include the cost 
contribution of primary equipment cost, the secondary equipment cost such as heat 
exchanger and pumps, the fuel cost or the operation cost of the plant and maintenance 
cost. Using a life-cycle cost approach, the thermo-economic analysis of the TCCP 
plant and the conventional plant was evaluated based on the performance data of the 
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TCCP plant. A summary of key parameters used in the computation of life cycle cost 
analysis is furnished in Table 7-2.  
Table 7-2 Key parameters used in cost estimation of TCCP plant and the 
conventional plant. 
Plant life (years) 15 
Interest rate (%) 5 
Electricity rate (SGD/kWh) 0.25 
Natural gas price (SGD/mm BTU) 5.4* 
Diesel price (SGD/gal ) 4.05* 
* The price is reported by EIA. The conversion rate from USD to SGD is 1.3 on the day of accessed the website (26-12-2010) 
http://sg.finance.yahoo.com (http://www.eia.doe.gov/emeu/steo/pub/contents.html#Natural_Gas_Markets) 
The major contribution of cost for TCCP plant is the capital cost while the 
conventional system has a lower capital cost. However, TCCP plant consumes less 
electricity to operate the pump for the circulation of water and blower for air 
distribution whilst electricity is the key energy source for the conventional plant to 
meet the cooling and dehumidification demand. The electricity and thermal energy 
consumption of both conventional plant and TCCP plant is outline in Table 7-3. 
Table 7-3 Electricity and thermal energy consumption of conventional plant and 
TCCP plant. 
TCCP Plant Conventional Plant 
Electricity consumed (kWh/yr) 29784.00 178266.00 
Thermal energy consumed (GJ/yr) 1385.11 252.29 
 
 Owing to  the low maintenance of the TCCP plant, the maintenance cost 
factor (α) of the TCCP plant is assumed to be 4% of direct capital cost whilst that of 
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the conventional plant is considered 25% of direct capital cost. The manpower cost 
consists of the salary of operators in the plant and it is dependent on the locality of the 
plant and based on survey, it is taken to be at 8.00% of the direct capital cost for 
TCCP plant and 30% of direct capital cost for conventional plant in order to perform 
monitoring and safety precaution of the plant. As the thermal energy input to the 
TCCP plant is deemed free, there is no cost for the consumption of waste heat. 
However, there is a cost assigned to the equipment used for the thermal energy 
extraction such as heat exchangers and these costs have been included. For fair 
comparison with the conventional plants, the electricity cost ($/kWh) is selected to be 
the same rate. The cost comparison for TCCP plant and the corresponding 
conventional plant is outlined in Table 7-4. Owing to utilising the waste heat from the 
micro-turbine, the annualised operation cost of TCCP plant is significantly lower than 
that of the conventional cost whilst the annualised capital cost and the total 
investment cost of TCCP plant is as high as 160% and 215%, respectively. The TCCP 
plant has almost no moving parts which render the maintenance cost to be about 50% 
of the conventional plant. The detailed calculation of the cost estimation of the TCCP 
cycle is presented in Appendix D. For better understanding of the cost evaluation of 
TCCP plant and the conventional plant, sensitivity analysis on the annual cost saving 
and payback period of TCCP plant has been conducted for four factors namely; (i) 
plant operation hours, (ii) electricity price, (iii) annual interest rate and (iv) fuel 
inflation rate. In the first scenario, the sensitivity of changes in operation hours of 
both TCCP plant and the convention plant on the annual cost saving and payback 
period on TCCP plant have been conducted. 
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Table 7-4 Summary of cost comparison of TCCP and the conventional plants. 
Cost description TCCP Conventional Plant 
Total annualised capital cost (SGD/yr) 16990.2 10067.8 
Total annualised operation cost (SGD/yr) 19270.6 55364.8 
Total annualised maintenance cost and labour 
cost (SGD/yr) 24077.6 51000.0 
Total annualised cost (SGD/yr) 60338.4 116432.6 
Total  capital investment cost 194500.0 85000.0 
Annualised saving (SGD/yr) 56094.2 NA 
payback period (yr) 3.5   
 
Figure 7-1 shows the sensitivity of operating hours of the plants on the key cost 
parameters such as annual cost savings and the payback period of TCCP.  It is 
observed from Error! Reference source not found. that the annual savings could be as 
igh as 1.5 times if the plants annual operating hour is extended from 2920 hours to 
8760 hours while the payback period could be shortened from 5.2 years to 2.1 years.  
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 The second analysis pertains to the uncertainty contributed by the electricity 
price used in the cost computation. The nominal electricity price used in this study is 
about 0.25 SGD/kWh and the reduction in 10% and the increased in 10% of the 
nominal price with a 5% step change has been conducted. The sensitivity of electricity 
price on the annual savings and the payback period is illustrated in Figure 7-2. A 
reduction of 5% in the electricity rate could have about 4.8% reduction in the annual 
saving and 5% increased in payback period whilst an increase of similar amount has a 
positive increase of annual saving by 4.4 % and 4.5 % decreases in payback period 
over the nominal case. In the third scenario, the changes in the annual interest rate of 
capital cost have been evaluated about a nominal rate of 5% with step changes of 2% 
in annual interest rate. 
 








































Savings (SGD/yr) Payback (yr)
Chapter 7: Life cycle analysis of Temperature cascaded    
212 
 
Figure 7-3 shows the sensitivity of annual interest rates on the annual saving 
and the payback period of TCCP plant. It is found out that every 2% changes on the 
annual interest rates contribute   1 % changes of both annual saving and the payback 
period. The last scenario of sensitivity analysis accounted for the changes of fuel price 
on the annual saving and the payback period with a nominal inflation rate of 2%. The 
sensitivity of fuel inflation rate on the annual cost saving and payback period is 
presented in Figure 7-4. The analysis has been carried out with step changes of 0.5% 
on the nominal inflation rate. The results show that an increase in 0.5% in inflation 
rate leads to 1% increases in the annual saving whilst the same step changes in fuel 
inflation rate shortened 1%  of its  nominal pay back periods. 
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Figure 7-4 Sensitivity of fuel inflation rate on the annual cost saving and pay back 
period. 
 
7.6 CO2 EMISSION SAVINGS  
The CO2 emission of TCCP plant is studied with a direct comparison to the 
existing conventional plant, which meets the same type of energy demand when both 
the thermal and electricity are consumed. The TCCP plant mostly consumes thermal 
energy for its electricity generation while waste heat is recovered to produce the 
cooling demand, the steam demand and the dehumidification effect. Thus the thermal 
energy consumed by TCCP plant is significantly higher than that of conventional 
plants. Owing to the absence of moving parts except pumps and fans, electricity 
consumption by the TCCP plant is insignificant compared with the amount of 
electricity which the conventional plant consumes. Therefore, some CO2 emission can 
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electricity hence, reduces global warming directly. The environmental friendly aspect 
of the TCCP plant is demonstrated by comparing the amount of CO2 emission. 
 Assuming an emission rate of CO2 at 54.3 kg per GJ for the natural gas used 
as a primary fuel for the TCCP plant and 79.2 kg per GJ for the diesel oil used as a 
primary fuel for the conventional plant (IPPC, 2006) and from the thermal and 
electricity consumption rates of Table 7-3, the corresponding CO2 emission of TCCP 
plant and the conventional plant can be computed and the detailed calculations of CO2 
emission is Appendix E. The baseline CO2 emissions for thermal, electricity 
consumption of the conventional plant and the TCCP plant are tabulated in Table 7-5 
whilst the last row indicates the CO2 savings. The comparison shows that 55.52 ton of 
CO2 can be reduced annually by adoption TCCP plant to meet both electricity and 
thermal energy demand and reduces the global warming potential. 
Table 7-5 CO2 emissions of the conventional plant and TCCP plant producing the 




CO2 emission of electricity consumption (ton CO2/yr) 24.10 130.04 
CO2 emission of thermal energy input  (ton CO2/yr) 70.51 19.98 
Total CO2 emission (ton CO2/yr) 94.61 150.02 
Equivalent CO2 emission saved (ton CO2/yr) 55.42 
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Chapter 8  OVERALL CONCLUSIONS  
 The theory and experiments on the temperature cascaded co-generation plant 
equipped with a host of waste heat fired devices have been extensively explored in 
this thesis. The thermodynamic framework for the absorbent-adsorbate system, the 
adsorbent-adsorbate system, for cooling, LiBr- water pair and the silica gel and water 
pair, has been developed. The extensive thermodynamic properties such as the 
internal energy, the enthalpy, and the entropy of this working pair are described in 
terms of the temperature (T), pressure (P) and the adsorption amount or uptake (q) 
where the effect of the isosteric heat and the specific heat are taken into account. 
These thermodynamic properties could be useful in the modelling of the waste heat 
fired devices equipped with micro-turbine.  
 The physical and adsorption characteristics of the silica gel-water used as the 
adsorbent-adsorbate pair in adsorption cooling system have been investigated. The 
AutoSorp-1 and HydroSorp analyzers were used to evaluate the isotherm and kinetic 
characteristics of different types of silica gels. It was found that type RD-MYCOM 
silica gel has superior performance over other type of silica gel in terms of surface 
area and water uptake capacity. It should be noted that only Type RD silica gel was 
selected due to the fact that it is the only type which is available for commercial use. 
Therefore, further development and testing of the adsorption characteristics of other 
adsorbents which may have better adsorption characteristic.   
 The mathematical modelling of each of the waste heat activated devices was 
developed in Chapter 4.  A distributive model of absorption system was developed to 
capture the temperature profiles of the system. The lump parameter model was 
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adapted since the current objective was to evaluate the performance of the AD plant 
and, being in mind, the operation process of the AD plant such as heat and mass 
recovery schemes are rather complicated. The distributive modelling of the TCCP 
plant should be extended in order to evaluate the adsorption phenomena inside the 
adsorbent. Performance analysis and entropy generation analysis were carried out 
numerically and experimentally in chapter 4.  
 The performance investigation of each of the waste heat actived devices in 
TCCP plant was discussed in Chapter 6.  It is found that the optimal firing 
temperature of the waste heat fired chillers and dehumidifier was found to be the 
decending temperature as the number of the stage of waste heat activated heat 
exchanger in the TCCP cycle increased. Validation of the numerical developed in 
chapter 4 was carried and iIt was found that the predicted results of TCCP plant were 
within ±5~8% of the experimental results. Thus, cascaded configuration of waste heat 
recovery system is the efficient configuration for the waste heat driven devices with 
different optimal firing temperature of the heat source.  
The operational procedure of GA linked to the powerful simulation program 
was illustrated in the first section of chapter 6. Microsoft FORTRAN power station 
4.0 linked with IMSL math library was used to solve the partial differential equation 
and GA procedure. Minimization of specific entropy generation of each of the 
thermally activated equipments in TCCP plant was carried out to attain the maximum 
energy recovery from exhaust gas. The optimal activation temperature of  exhaust gas 
to operate the steam generator is found to be at 285°C  while the optimal  firing 
temperature of hot water to activate the absorption chiller, the adsorption chiller and 
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the desiccant dehumidifier is found to be in descending order of 90°C, 82°C and 
77°C, respectively.  
 The thermo-economic viability of the temperature cascaded co-generation 
plant (TCCP) was presented using a life-cycle approach in Chapter 7. The sensitivity 
analysis was performed using some important parameters which influence on the 
payback period and the annualised savings of the TCCP plant. It was found that 
operation time was the factor which dictates the annual saving and payback period of 
the plant. Owing to waste heat recovery, the TCCP cycle emits significantly lesser 
CO2:- When compared to a conventional power plant of the same electricity and 
cooling demand, a savings of at least 55.42 tonnes of CO2/year. Hence, the TCCP 
cycle is an excellent and practical solution to produce different type of energy, such as 
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Appendix A: Derivation of mass, energy and entropy 
balances 
Equation (3-2) is applied for fixed control volume with the total mass in the system, 
the conservation of mass states that the rate of change of mass of a system is zero. 
Applying Reynold’s transport Theorem where α = 1, 
 0
volume CV CS
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   (A- 1) 
The limits of integration are fixed when the control volume is fixed with respect to a 
















       (A- 2) 
Using Gauss divergence Theorem, the surface integral is converted to volume integral 
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Appendix A   
219 
 
























II. Conservation of Momentum 
The conservation of momentum shows that  
  totalF External Forces acting on the fluid system	   

















	   	
 
 
    (A- 5) 
where vα (α = 1,2,3) is a Cartesian component of v,  and xδ (δ = 1,2,3) are the 
Cartesian coordinates. The derivatives dv
dt
  is a component of the acceleration of the 
centre of gravity motion. The quantity, Pδα (α ,δ = 1,2,3), represents the Cartesian 
component of the stress ( or pressure) tensor P of the medium and it is assumed that 
the pressure tensor P is symmetric i.e., Pδα = Pαδ and Fkα (k, α =1,2,3) is the Cartesian 
component of the force per unit mass Fk exerted on the chemical component k. the 
tensor notation of    Equation A-6  can be written as  
k k
k







       (A- 6) 
From microscopic point of view, the pressure tensor resulted from the short-range 
interaction between the particles of system and Fk is resulted from the external forces 
and long-range interactions in the system. It can be constrained into the conservatives 
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Applying Reynold’s transport Theorem and Gauss divergence Theorem, the 
conservation of momentum where v 	  can be written as  













       (A- 7) 
By equating Equation A-7 and A-8, the conservation of momentum is now obtained 
as  
 
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     (A- 8) 
Thus, the balance Equation of the momentum density becomes 
 
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      (A- 9) 
Here, v
  represents the momentum density, Pvv
   is momentum flow where vv
  






represents the source of momentum.   
Hence the kinetic energy balance of the centre of gravity motion by multiplying with 
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   (A- 12) 
By summing Equations for the rate of change of kinetic and potential energies, one 
gets 
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 is the source term and thus the sum of the kinetic and potential energy 
is not conserved. 
 III. Conservation of energy 
According to the principle of conservation of energy, the total energy content within 
an arbitrary volume V of the system can only change due to energy flow through the 





















ev P v J
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is the total energy flux and 21
2
e v u




u represents internal energy. From microscopic point of view, it represents the energy 
due to the short-range molecular interactions and of thermal agitation. In the total 
energy flux, ev
  is the convective term, P v  is the energy flux due to mechanical 








is the potential energy flux due to the diffusion 
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on the various components in the field of force, and Jq is the heat flow. Applying 
Reynold’s transport Theorem and Gauss divergence Theorem, the conservation of 





































  (A- 16) 
The left hand side of Equation A-17  can be splitted into the sum of potential and 
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The first term on the right hand side of Equation A-20 represents the energy flow due 
to convection and thermal energy transfer that gives rise to the internal energy while 
the second and the third term represent as the internal energy source term. Equation 
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   (A- 20) 
The second term on the right hand side of Equation A-21 can be expanded as a scalar 
hydrostatic part p and a tensor   as  P pU	    where U is the unit matrix and thus 
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     (A- 21) 
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    (A- 22) 
The first term of Equation A-23 is the heat flux, the second term and the third term 
stand for the mechanical work and the last term represent the conservative forces such 
as electro-magnetic forces. 
 
IV Entropy Balance 
For any macroscopic thermodynamics system, the change of a state function such as 
the entropy, dS   can be represented by the adding of entropy contributed by 
surroundings, ed S  and entropy produced in the system id S  as show in Equation A-24 
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e idS d S d S	          (A- 23) 
The second law of thermodynamics states that entropy generation in the system for 





         (A- 24) 
s,totJe
CS











        (A- 26) 
Where s is the entropy per unit mass, Js,tot the total entropy flow per unit area and unit 
time, and   is total entropy generation in the unit control volume per unit time. Using 
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     (A- 28) 
Equation A-28 and A-29 are the mathematical form of the second law of 
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Where s s,totJ J sv
	   is the difference between the total entropy flux Js,tot and a 
convective term sv
 . The entropy per unit mass is a function of the internal energy u, 


















. Using Gibbs 









       (A- 31) 
  
Here p is the equilibrium pressure, and  k   is the chemical potential of component k. 
It is now assumed that local equilibrium exists within small mass elements and the 
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 from energy balance equation yields, 
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  (A- 33) 










Finally, the entropy balance Equation can be arranged as  
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Appendix B: Specific heat capacity of the adsorbed phase 
The specific heat capacity of the adsorbed phased is defined as the temperature 
derivatives of the differential adsorbed phase enthalpy at constant surface coverage, x, 










. Using a useful mathematic tool named the functional determinants 
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By substituting  
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     (B- 4) 
The thermodynamics quantity uptake x is a function of pressure P and temperature T 
or 
 
,x x P T	 . It is justified in considering P as a function of T and q or 
 
,P P T x	  
and T as a function of P and q or 
 
,T T P x	 . Therefore, the following relations 
uniquely relate all possible derivatives of these three functions. 
1
P TT x P x
x P T P x x
T PP T x T
   
 
       
   
	  2 	
   
       
 
   
   
       
   (B- 5) 





h h h PC
T T P T
  





     
   
 
     
     (B- 6) 
Invoking Gibbs law and Maxwell relations to transform the enthalpy changes with 
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     (B- 7) 
where the first term represents the thermal expansion of the adsorbed phase and the 
last term states the isothermal compressibility of the adsorbed phase on the adsorbents 
and va is the specific volume of the adsorbed phase. For simplicity 
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     (B- 8) 
Substituting above transformations into Equation B-6, Cp of adsorbed phase is now 
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 could be extracted from the adsorption isotherm. 
Invoking Clausius-Clapeyron equation, the mentioned partial gradient can be replaced 
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where Qst is the 
isosteric heat of adsorption. The third term on the right hand side of Equation B-9 















. Now Equation B-9 can be 
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Appendix C: Sample calculation for pumping power. 
The sample pumping power calculation for the evaporator for adsorption cooling 
cycle with the following specification is performed.  
Flow rate per distribution = 24/2 = 12 LPM  
• Diameter of pipes, D = 0.0257m  
• Pipe length = 1.994 x 15 = 29.91m  
• Number of flanged regular 90° elbows = 4  
• Number of 180° return bends = 0  
• Temperature of water in pipes = 34°  
• Viscosity of water, μ = 0.00074 Pa.s  
• Density of water = 1000 kg/m3 
• Relative Roughness of tube, ε = 0.000045  
 
Calculation steps: 
i. Area of  pipe = 2 2 4 20.0257 5.187 10
4 4
D x x m 	 	  





	 ?  
        4
12 1 0.385
1000 60 5.187 10
x
x x 
	 	 m/s 
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v. Equivalent Length of minor losses = (Number of regular 90° elbows x 0.3) + (Number 
of return bends x 2.2) + (Number of fully open gate valves x 0.15) + contraction loss 
+ enlargement loss 




5.74 0.00045 5.74ln ln





) * ) *
   
 
   
+ , + ,
   
- . - .
 
 






A 	 m 
viii. Elevation heat loss in water circuit ∆Z=0m ( close loop). 
ix. Total head loss: 
min 25H major head loss or head loss elevationhead loss m	   	  
x. Pumping power, 24 1 11000 9.81 25 130.8
60 1000 0.75
P gQH x x x x x W
	 	 	 . 
 
Pressure drop calculation for silica gel packed bed using in desiccant 
dehumidification system 
The pressure drop across the packed bed is derived in the following section. The 
resistance force induced by the silica gel particles in the adsorber or desorber bed can 
be expressed as  
fm bR N PxA	 4         (C-1) 
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where Rfm is the resistance force induced by single particle, N represents the no. of 
particles packed in the bed, Ab is the frontal area of the bed and ∆P is the pressure 
drop across the bed.  The no. of particles packed in a unit volume of bed can be 














        (C-2) 
here Lb is the height of the bed, ε represents the porosity of the bed  and Dp refers to 
the diameter of the particle which is considered as the sphere in this study. 











	         (C-3) 
























     (C-4) 
where u is the superficial velocity, u’ represents the velocity in the void space and 
expressed as ' uu
@
	  and C is the resistance coefficient. By substituting u’ in 






























     (C-5) 
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	 , then the pressure drop across a packed bed 















        (C-7) 
Finally, the power consumed by the blower for the dehumidification cycle can be 
expressed as : 








	       (C-8) 
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Appendix D: Sample calculation for cost estimation. 
Plant life =15 years 
Interest rate = 5% 
Inflation rate = 2% 
Table D-1 Direct Capital cost including the installation cost 
NO. name of Equipment 
Cost 
(S$/kW) 
1 mechanical Chiller 1000 
2 micro-turbine 4500 
3 Adsorption chiller 1000 
4 Adsorption chiller 5000 
5 desiccant dehumdifier 9000 
6 Boiler 3000 
 
Table D-2 Operational cost and maintenance cost 
NO. unit 
1 electricity  price 0.25 S$/kWh 
2 diesel price 1.32 S$/L 
3 Natural gas price 6.4848 S$/mmBTU 
4 maintenance cost for conventional plant 30% 0f  capital cost 
5 maintenance cost for waste heat activated devices 4% of capital cost 
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Appendix E: Baseline calculation for the emission of CO2 
 The baseline emissions of CO2 by a TCCP plant and the conventional plant 
can be estimated as the sum of CO2 emissions from thermal energy and electrical 
energy utilization. For the TCCP, the emission of CO2 emanates from the energy 
consumed in generation of electricity by micro-turbine as well as the electricity 
consumption for the moving the coolant or heat sources for a host of waste heat 
driven devices. On the other hand, the conventional plant would consume electricity 
for the cooling and dehumidification while the thermal energy is consumed in the 
steam generation process. The following Equations describe the method of calculation 
for the baseline emission for the TCCP plant and the conventional plant 
     2 2 2/ / /y y yBCE tonCO yr TBCE tonCO yr EBCE tonCO yr	    (E-1) 
where BCEy denotes the baseline annual CO2 emission of the TCCP plant or the 
conventional plant, TBCEy represents the baseline annual CO2 emission of utilising 
natural gas as the primary fuel source for  thermal energy demand for TCCp plant and 
diesel oil as the primary fuel source for the conventional plant and EBCEy is the 
baseline annual CO2 emission of generation of electricity. TBCEy can be expressed as 
the following equation.  
     2 2/ / /y th gasTBCE tonCO yr E GJ yr xEF tonCO GJ	     (E-2) 
here Eth is the annual thermal energy utilisation by the TCCP plant or the 
Conventional plant and EFgas represents the emission factor of the corresponding 
fuel. Natural gas is used as primary fuel for the TCCP plant and diesel oil is utilized 
as the primary fuel source for the conventional plant in this study. The value of EFgas 
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for natural gas is taken as 54.3 x10-3 ton CO2/GJ for TCCP plant and the 
corresponding EFgas for diesel oil is assumed as 79.2 x10-3 ton CO2/GJ (IPCC, 
2006). The emission from the electricity consumed in TCCP plant and the convention 
plant, EBCEy, is calculated as 
     2 2/ / /y y eleEBCE tonCO yr EG MWh yr xEF tonCO MWh	    (E-3) 
where EGy is the amount of electricity generated by the power plant and EFele is the 
CO2 emission factor for the generation of the electricity and its value is taken as 0.809 
ton CO2/MWh (International Energy Agency (IEA),2007). The CO2 emission 
reduction by the TCCP plant is given by;  
     y y ysaved CONVENTIONAL TCCP
BCE BCE BCE	       (E-4)  
Here, (BCEy)CONVENTIOAL and (BCEy)TCCP are the annual CO2 emission by the 
conventional plant and the TCCP plant, respectively while (BCEy)saved  represents the 
annual CO2 emission by the TCCP plant. 
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